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SECTION  I 


INTRODUCTION 

f 

1 .  GENERAL  COMMENTS 

During  the  early  1960s  rapid  advances  In  high-voltage  and  pulsed- 
power  technologies  led  to  the  development  of  pulsed-power  systems  which 
by  now  are  capable  of  generating  electromagnetic  power  levels  in  excess 
of  101 5  watts  for  times  less  than  10"7  seconds.  The  predominant  appli¬ 
cation  of  this  technology  has  been  the  development  of  electron  acceler¬ 
ators  which  generate  pulsed,  high-current,  relativistic  electron  beams. 
Much  of  the  early  work  in  this  field  must  be  credited  to  the  group  at 
the  Atomic  Weapons  Research  Establishments  Aldermaston,  England,  headed 
by  J.  C.  Martin.  More  recently,  several  government  and  private  labora- 
v  torles*  have  become  active  In  the  development  of  these  pulsed,  high- 

power  electron  accelerators;  and  many  systems  offering  a  wide  variety  of 
electron  beam  parameters  are  now  available.  The  range  of  available  beam 
parameters  Is  Illustrated  In  table  I. 

These  high-power  electron  accelerators  typically  Incorporate  four 

% 

major  components:  an  energy  storage  circuit,  a  pulse-forming  network, 
a  low-inductance  switch,  and  a  cold-cathode  diode  structure.  Although 

*These  laboratories  Include  the  Air  Force  Weapons  Laboratory,  Field 
Emission  Corporation,  Ion  Physics  Corporation,  Maxwell  Laboratories 
Incorporated,  Naval  Research  Laboratory,  Physics  I  ternatlonal  Company, 
Sandla  Laboratories,  and  Simulation  Physics  Incorporated. 

# 
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Table  I 


CAPABILITIES  OF  PULSED,  HIGH-CURRENT  ELECTRON  ACCELERATORS 
Electron  kinetic  energy  50  keV  -  10  MeV 
Beam  current 
Pulse  duration 
Total  beam  energy 
Accelerator  Impedance 


5  kA  -  1  MA 
10  nsec  -  100  nsec 
100  J  -  1  MJ 
1 . 0  ohm  -  1 00  ohm 


all  electron  accelerators  of  this  type  have  components  which  perform  these 
functions,  their  design  concepts  have  evolved  from  two  distinctly  differ¬ 
ent  approaches:  those  systems  which  rely  on  a  pulse-charging  technique 
to  apply  the  high  voltage  to  the  pulse-forming  network,  and  those  which 
use  a  direct  current  charge.  Most  high-current  electron  accelerators  are 
of  the  pulse-charged  variety.  The  only  exceptions  are  the  Van  de  Graaff 
generator-charged  accelerators,  developed  by  the  Ion  Physics  Corporation, 
and  the  fast  Marx  generator  systems,  developed  by  the  Field  Emission 
Corporation. 

As  an  Introduction  to  later  discussions,  a  simplified  schematic  of  a 
pulse-charged  electron  accelerator  Is  shown  In  figure  1.  The  Initial 
storage  Is  In  the  capacitors  of  the  Marx  generator  (named  after  Erwin 
Marx,  the  Briton  who  Invented  the  circuit  in  the  1930s),  an  energy  storage 
circuit  In  which  the  capacitive  elements  are  charged  In  parallel  but 
discharged  In  series.  Such  a  circuit  has  the  dual  advantage  of  Increasing 
the  voltage  at  which  the  energy  1$  delivered  and  decreasing  the  time 
constant  which  limits  the  rate  of  delivery.  After  being  discharged,  the 
Marx  generator  Is  switched  to  pulse  charge  a  pulse-forming  line  which  may 
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Figure  1.  Schematic  of  Pulsed,  High-Current  Electron  Accelerator 


take  the  form  of  either  a  conventional  transmission  Hne  or  a  Blumlein 
(a  folded  transmission  line  originally  devised  In  the  1930s  by  Alan 
Blumlein),  The  use  of  a  Blumlein  has  the  advantage  of  doubling  the 
voltage  at  which  the  energy  Is  delivered  to  the  load.  These  pulse¬ 
forming  lines  may  be  configured  In  either  a  planar  or  a  coaxial  geometry. 

The  low- Inductance  switch  which  connects  the  pulse-forming  line  to 
the  diode  may  be  either  over-volted  or  command  triggered.  When  the 
switch  Is  closed,  a  square  voltage  pulse  of  short  duration  Is  applied  to 
the  cold-cathode  diode.  The  diode  responds  to  the  application  of  this 
pulse  by  accelerating  an  Intense,  high-current  electron  beam  to  rela¬ 
tivistic  kinetic  energies.  Since  the  anode  plane  of  the  diode  is  formed 
by  a  very  thin  conducting  film,  the  electron  beam  easily  penetrates  the 
anode  and  enters  the  drift  chamber.  Propagation  and  concentration  of  the 
electron  beam  are  then  possible  within  the  partially  evacuated  drift 
chamber. 

2.  APPLICATIONS  OF  INTENSE,  RELATIVISTIC  ELECTRON  BEAMS 

The  initial  incentive  to  develop  high-current,  relativistic  electron 
accelerators  was  provided  by  a  desire  to  study  the  response  of  materials 
exposed  to  in-depth  energy  deposition  at  very  high  dose  rates  (Refs.  1, 

2,  3).  The  required  dose  rates  were  achieved  by  operating  the  electron 
accelerators  In  either  a  bremsstrahlung  or  an  electron  beam  mode.  In 
the  bremsstrahlung  or  flash  X-ray  mode  the  electron  beam  is  stopped  In  a 
"thick"  anode  of  high  atomic  number.  The  resultant  X-ray  flux  can  then 
be  used  to  Irradiate  a  target  of  Interest.  To  achieve  even  higher  dose 
rates,  the  electron  beam  can  be  extracted  from  the  accelerator  and 
allowed  to  strike  the  target  directly. 
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As  the  capabilities  of  these  accelerators  increased,  additional  appli¬ 
cations  have  been  recognized.  Perhaps  the  most  Intriguing  of  these  appli¬ 
cations  has  the  Intense,  relativistic  electron  beam  being  used  to  investi¬ 
gate  new  approaches  to  the  twofold  problem  of  producing  useful  electrical 
power  from  controlled  thermonuclear  fusion  reactions.  For  controlled 
fusion  to  be  a  viable  concept,  techniques  have  had  to  be  developed  to 
produce  the  ultra-high  plasma  temperatures  required  to  maintain  fusion 
reactions  under  controlled  conditions.  Once  formed,  the  hot  plasma  must 
be  confined  for  a  sufficient  Interval  that  more  energy  Is  released  through 
fusion  than  has  been  expended  In  the  Ignition  process.  Although  Ignition 
has  been  obtained,  attempts  to  confine  the  resultant  plasma  by  means  of 
Intense  magnetic  field  configurations  have  so  far  not  yielded  a  workable 
solution. 

The  very  high  power  densities  and  substantial  total  energies  associ¬ 
ated  with  Intense  electron  beams  provided  the  Initial  Incentive  for 
evaluating  the  application  of  these  beams  to  the  problems  of  controlled 
fusion.  These  beams  also  have  the  more  subtle,  but  equally  advantageous, 
feature  of  a  large  azimuthal  self-magnetic  field  which  Is  associated  with 
the  current  flow.  Such  fields  can  account  for  a  significant  fraction  of 
the  total  beam  energy,  and  may  prove  to  be  extremely  useful  for  plasma 
containment.  Electron  beams  can  Interact  with  self-generated  plasma 
turbulance  and  thus  add  energy  to  the  system.  Such  heating  may  poten¬ 
tially  be  more  efficient  than  classical  resistive  mechanlsma.  Finally, 
the  large  space  charge  Inherent  In  high-current  beams  produces  a  deep 
electrostatic  potential  well  which  can  trap  and  accelerate  ions. 
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These  features  have  leu  to  a  wide  variety  of  schemes  for  using 
intense,  relativistic  electron  beams  to  achieve  controlled  fusion.  In 
their  August  1971  article  describing  the  application  of  pulsed-power 
technology  to  controlled  thermonuclear  fusion  (Ref.  4),  L.  S.  Levine  and 
I.  M.  Vitkovltsky  reviewed  many  of  these  schemes  and  concluded  that 
published  evaluations  are  preliminary  and  speculative.  Nevertheless, 
they  did  consider  several  of  these  approaches  to  have  promise. 

The  first  approach  to  appear  in  the  open  literature  was  that  suggested 
by  Wlnterberg  (Ref.  5).  He  proposed  that  an  intense  electron  pulse  be 
concentrated  on  a  small  solid  pellet  of  a  deuteri um- tritium  mixture. 
Although  detailed  calculations  of  the  Interaction  between  the  beam  and 
the  target  have  not  been  published,  Winterberg's  preliminary  calculations 
indicated  that  an  energy  input  of  5  x  10s  joules  was  required  to  generate 
an  inertial ly  confined  plasma  of  thermonuclear  temperature  and  density. 
Even  with  the  confining  effects  of  a  solid  heavy  tamper  included,  Eden 
and  Saunders  (Ref.  6)  predicted  a  much  higher  energy  requirement.  They 
estimated  that  approximately  109  joules  would  be  necessary  to  achieve 
a  useful  energy  return.  More  recent  calculations  by  Babykin  et  al. 

(Ref.  7)  Included  not  only  the  effects  of  a  tamper,  but  also  acknowledged 
the  confinement  resulting  from  the  large  self-magnetic  field.  If  the 
energy  can  be  delivered  in  a  nanosecond,  they  estimated  that  only  10s 
joules  would  be  required.  Regrettably,  no  experimental  evidence  Is 
available  as  yet  to  substantiate  these  predictions. 

The  astron  concept  developed  by  N.  C.  Christofilos  is  the  most  prom¬ 
inent  example  of  plasma  confinement  using  the  self-magnetic  field  of  a 
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relativistic  electron  beam  (Ref.  8).  The  basic' idea  of  the  astron  concept 
is  to  inject  an  intense  relativistic  electron  beam  into  the  field  of  a 
large  conventional  solenoid  wound  around  a  cylindrical  vacuum  chamber. 
Entering  the  field  off-axis,  the  beam  is  wrapped  into  a  cylindrical  layer 
about  1  meter  in  diameter,  and  centered  within  the  vacuum  chamber.  If 
enough  electrons  can  be  added  to  the  layer,  the  electron  current  will  be 
sufficient  to  cancel  and  then  reverse  the  magnetic  field  along  the  axis. 
With  field  reversal,  closed  field  lines  are  established  around  the 
electron  sheet  and  the  confining  magnetic  bottle  is  complete.  In  the 
full-scale  experiment  at  the  Lawrence  Livermore  Laboratory  of  the  Univer¬ 
sity  of  California,  the  electron  current  must  be  Increased  by  a  factor 
of  10  before  field  reversal  can  be  completed.  Complete  field  reversal 
In  a  small  system  has  been  achieved  at  Cornell  University,  however  (Ref.  9). 

The  use  of  an  electron  beam  to  turbulently  heat  a  fusion  plasma  is 
attractive  since  it  represents  an  extension  of  a  well-established  area  in 
which  considerable  research  has  already  been  completed.  Because  the 
parameters  of  these  intense  beams  differ  so  greatly  from  those  which  have 
previously  been  used  in  plasma  heating  experiments,  much  of  the  theoret¬ 
ical  analysis  of  such  interactions  will  have  to  be  reevaluated  and 
perhaps  modified.  Considerable  interest  has  been  stimulated  In  this  area 
within  the  past  several  years  and  the  preliminary  results  of  a  number  of 
experiments  have  already  been  reported  (Refs.  10,  11,  12,  13,  14).  The 
results  of  these  experiments  are  being  evaluated  with  considerable 
Interest. 
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3.  SIGNIFICANCE  OF  DIODE  PHENOMENOLOGY 

Early  in  the  development  of  these  accelerators,  the  most  significant 
problems  arose  from  limitations  in  high-voltage  and  pulsed-power  tech¬ 
nology.  Nevertheless,  some  effort  was  made  to  assess  the  basic  physics 
underlying  observed  diode  phenomena.  More  recently,  with  an  enhanced 
understanding  of  the  technological  problems,  the  availability  of  more 
sophisticated  beam  diagnostic  techniques,  and  an  Increased  emphasis  on 
the  propagation  of  low-impedance  beams,  several  more  detailed  diode 
studies  have  been  initiated.  In  spite  of  these  efforts,  a  complete  or 
self-consistent  description  of  diode  phenomena  is  not  yet  available. 

Hence,  the  lack  of  a  comprehensive  diode  model  remains  as  one  of  the 
more-eritical  restrictions  limiting  the  expanded  application  of  available 
pulsed  accelerator  technology. 

The  diode  Is  an  extremely  critical  link  in  coupling  the  tremendous 
power  levels  available  through  pulsed-power  technology  to  the  application 
of  Interest.  Several  factors  contribute  to  this  situation.  First,  the 
ability  to  propagate  an  electron  beam  within  the  drift  space  is  largely 
determined  by  the  beam  Initial  conditions  as  It  enters  the  drift  region. 

These  Initial  conditions  are  In  turn  determined  predominantly  by  the 

dynamics  of  electron  flow  within  the  diode.  Secondly,  the  maximum  current 
which  can  be  accelerated  by  a  given  applied  voltage  is  limited  by  beam 
convergence  and  space-charge  effects  within  the  diode.  Furthermore,  the 

duration  of  the  electron  beam  can  be  limited  by  plasma  effects  which 

cause  the  diode  to  transition  to  a  vacuum  arc  on  a  time  scale  comparable 
to  the  pulse  duration.  Finally,  the  maximum  energy  transfer  from  the 


pulse-forming  line  to  the  electron  beam  Is  achieved  If  the  load  (diode) 
resistance  Is  matched  to  the  Impedance  of  the  line.  Efficient  transfer 
Is  therefore  complicated  by  the  fact  that  the  observed  diode  resistance 
is  not  constant  In  time.  Unless  the  diode  resistance  can  be  held  at  some 
finite  value  which  can  be  matched  to  the  line  Impedance,  the  overall 
efficiency  of  the  accelerator  would  be  limited  by  the  varying  resistance. 

Several  Inconsistencies  persist  In  present  understanding  of  cold- 
cathode  diode  behavior.  Although  these  points  will  be  discussed  in  greater 
detail  In  later  sections  of  this  report,  a  brief  enumeration  of  some  of 
the  more  prominent  features  of  observed  diode  phenomenology  will  serve  to 
emphasize  specific  problem  areas,  and  aid  In  defining  the  objectives  of 
the  present  Investigation. 

The  Initial  electron  emission  from  the  cold  cathodes  used  In  these 
diodes  Is  generally  agreed  to  be  field  emission.  Although  a  theoretical 
understanding  of  such  emission  has  been  available  for  many  decades,  the 
application  of  the  Fowler-Nordhelm  equation  to  predict  the  observed  current 
densities  would  require  the  existence  of  local  surface  fields  two  orders 
of  magnitude  higher  than  the  applied  field.  This  discrepancy  becomes  even 
worse  If  the  depression  of  the  electric  field  at  the  cathode  surface  caused 
by  the  electron  space  charge  Is  considered. 

One  possible  explanation  for  this  discrepancy  requires  the  existence  of 
surface  roughness  or  whisker-like  projections  which  produce  substantial 
field  enhancement  at  the  cathode  surface.  With  the  Intense  current  densi¬ 
ties  observed  In  operational  diodes,  however,  ohmic  skin  heating  ensures 
that  even  small  surface  Irregularities  would  be  destroyed  within  a  few 
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nanoseconds.  Frledlander  et  al.  (Ref.  15)  have  speculated  that  the  source 
of  electron  emission  for  the  remainder  of  the  pulse  must  therefore  be  a 
dense  plasma  cloud  close  to  the  cathode  surface.  The  precise  nature  of 
this  plasma  cloud  and  Its  relation  to  other  diode  phenomena  were  not  speci¬ 
fied  and  remain  undetermined. 

Although  high-current  electron  flow  Is  generally  space-charge  limited, 
there  has  been  some  debate  as  to  whether  the  electron  flow  In  low-resistance 
diodes  is  similarly  limited.  The  simple  Chlld-Langmuir  equation  for  the 
resistance  R  (ohms)  of  a  planar  diode  Is  as  follows: 

R  =  136  (d/rQ)Vl/2  (1) 

where  d  is  the  anode-cathode  separation,  rQ  is  the  cathode  radius,  and  V 
is  the  applied  voltage  In  megavolts.  In  several  experiments,  the  depend¬ 
ence  of  resistance  on  diode  geometry  and  applied  voltage  has  agreed  with 
the  predictions  of  Chlld-Langmuir  space-charge  theory  (Refs.  16,  17,  18). 

In  conflict  with  these  results,  another  group  (Ref.  19)  observed  a  very 
nonlinear  variation  of  diode  resistance,  with  anode-cathode  spacing.  At 
relatively  large  separations,  the  resistance  followed  Chlld-Langmuir 
scaling,  but  as  the  separation  was  decreased,  a  point  was  reached  beyond 
which  the  resistance  fell  sharply.  More  significantly,  all  Investigators 
have  found  that  the  measured  resistance  of  such  diodes  was  considerably 
below  the  predicted  Chlld-Langmuir  value.  Specifically,  observed  diode 
currents  for  a  given  applied  voltage  have  exceeded  that  predicted  by 
elementary,  planar,  space-charge  theory  by  factors  of  from  two  to  three. 

The  anomalously  high  diode  currents  and  the  time  variation  In  the 
diode  resistance  are  generally  ascribed  to  the  presence  of  Ions  and/or 
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plasms  in  ths  anods-cathod*  rtQlon.  Savtral  Ionization  machanlsms  have 
been  suggested.  With  the  diode  normally  belnn  operated  In  art  ambient 
pressure  ranging  from  10"*  to  10"*  torr,  tht  probability  of  Ionising  the 
background  gas  by  alactron  bombardmant  can  be  significant.  Ions  producad 
In  tha  raglon  Immediately  adjacent  to  tha  cathoda  surfaca  would  ba  espe¬ 
cially  affective  In  neutralizing  tht  electron  space  charge.  At  the  high 
power  densities  generated  by  these  accelerators  (10*  to  10l*  watts/cm*), 
vaporization  of  the  anode  becomes  a  second  probable  source  of  Ions.  Toward 
the  upper  end  of  this  range,  tha  power  densities  are  more  than  sufficient 
to  quickly  destroy  any  material  object  In  the  path  of  the  electron  beam. 

A  third  possibility  arises  from  the  explosive  nature  of  the  probable 
electron  emission  mechanism.  This  process  makes  the  cathode  surface  an 
equally  plausible  source  of  plasma.  Any  quantitative  analysis  of  either 
cathode  or  anode  plasma  formation  must  be  complicated  by  the  presence  of 
adsorbed  and  absorbed  gases.  With  an  ambient  pressure  of  10"s  torr,  the 
monolayer  deposition  time  Is  only  0.23  second. 

The  effects  of  the  Ions  produced  by  any  of  these  mechanisms  Is  depend¬ 
ent  on  the  properties  of  the  resultant  plasma.  If  the  plasma  conductivity 
Is  low,  the  ions  may  act  to  neutralize  the  electron  space  charge.  Alter¬ 
natively,  If  the  conductivity  Is  sufficiently  high,  the  plasma  could  result 
In  a  deformation  of  the  effective  electrode  surface,  and  thus  modify  the 
diode  geometry.  Quantitative  analysis  of  these  effects  has  not  been 
attempted  and  existing  discussions  are  based  primarily  on  conjecture. 

With  pulse-charged  accelerators,  an  analysis  of  diode  plasma  phenomena 
can  sometimes  be  complicated  by  the  presence  of  a  "prepulse,"  a  pulsed 
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voltage  which  appears  across  the  diode  prior  to  the  discharge  of  the  main 
accelerating  pulse.  A  prepulse  results  from  a  capacitive  coupling  of  the 
charging  voltage  on  the  pulse-forming  line  across  the  output  switch  to  the 
dlodo.  On  some  accelerators  the  prepulse  Is  an  appreciable  fraction  of 
the  main  pulse  amplitude,  and  can  reach  magnitudes  ranging  to  hundreds  of 
kilovolts.  The  resulting  prepulse  currents  ore  more  than  sufficient  to 
pre-lonlzt  or  precondition  the  diode  region. 

The  dynamics  of  electron  flow  In  a  low-resistance  diode  are  further 
complicated  by  the  presence  of  a  large  self-magnetic  field.  At  the  very 
high  currents  characteristic  of  these  diodes,  the  azimuthal  magnetic  field 
can  lead  to  a  severe  convergence  of  the  electron  beam  within  the  diode. 
Hence,  the  presence  of  the  self-magnetic  field  establishes  a  limiting 
criterion  for  space-charge  limited  flow  In  the  diode.  Currents  In  excess 
of  this  limiting  value  generate  sufficiently  Intense  self-fields  that  the 
magnetic  gyroradlus  of  electrons  emitted  from  the  periphery  of  the  cathode 
Is  less  than  the  diode  separation.  Once  this  occurs,  these  electrons  can¬ 
not  reach  the  anode  In  their  Initial  traversal  of  the  gap.  Although 
current  flow  ostensibly  In  excess  of  the  limiting  current  has  been  experi¬ 
mentally  observed,  preliminary  theoretical  descriptions  of  electron  flow 
dominated  by  self-magnetic  fields  have  not  completely  removed  this  contra¬ 
diction.  Quantitative  correlation  between  observed  and  theoretical  flow 
under  these  conditions  Is  not  yet  available. 

4.  OBJECTIVES 

Having  successfully  demonstrated  the  exceptional  capabilities  of  an 
Intense,  relativistic  electron  beam  as  a  pulsed  energy  source,  the  obvious 
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extension  hi i  been  to  develop  accelerators  capable  of  generating  electron 
beams  of  even  greater  total  energy.  For  most  applications!  the  acceler¬ 
ating  voltage  and  the  pulse  duration  are  restricted.  Moreover ,  the  elec¬ 
tron  beam  must  be  extracted  from  the  accelerator,  propagated  some  distance, 
and  then  concentrated  to  Increase  the  power  density  of  the  delivered 
energy  pulse. 

To  Increase  the  total  beam  energy  under  these  constraints,  the  beam 
current  must  fe  Increased.  For  the  beam  current  to  be  Increased,  however, 
the  character istlc  Impedance  of  the  pulse-forming  line  and  the  diode  struc¬ 
ture  must  be  proportionally  reduced.  Similarly,  to  match  the  line  Impedance, 
the  diode  resistance  must  also  be  reduced.  But  as  the  diode  resistance  Is 
decreased,  the  dynamics  of  electron  flow  within  the  diode  become  Increas¬ 
ingly  affected  by  plasma  and  self-magnetic  effects.  As  the  beam  Impedance 
Is  decreased,  the  effects  of  Initial  conditions  on  the  beam  propagation 
characteristics  become  more  substantial.  These  trends  emphasize  the  need 
to  understand  the  response  of  low-impedance  diodes. 

A  comprehensive  and  self-consistent  description  of  the  electron  flow 
within  a  low-resistance  diode  Is  not  yet  available.  In  an  attempt  to 
satisfy  this  requirement,  the  objectives  of  this  study  are  as  follows: 

a.  Develop  the  experimental  techniques  necessary  to  follow  the  evolu¬ 
tion  of  diode  processes  throughout  the  applied  voltage  pulse. 

b.  Analyze  the  resultant  data  in  an  effort  to  quantify  the  following 
aspects  of  observed  diode  behavior: 

(1)  Electron  emission  processes 

(2)  Space-charge  limitation  to  electron  flow 
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(3)  Plasma  production  and  affacts  on  electron  flow 

(4)  Baam  convergence  criterion 

c.  From  a  careful  evaluation  of  these  phenomena,  provide  a  basis  for 
predicting  the  characteristics  of  electron  flow  In  a  planar,  low-resistance 
diode. 
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SECTION  II 


DIODE  PHYSICS 

1 .  INTRODUCTION 

Such  factors  as  the  electron  emission  processes,  the  dynamics  of  elec¬ 
tron  flow,  and  possible  plasma  effects  on  both  the  emission  and  accelera¬ 
tion  of  the  electrons  must  be  carefully  considered  before  analyzing  observed 
diode  behavior.  Although  the  theory  of  electron  emission  from  a  conducting 
surface  Is  well  known  and  widely  accepted,  correlating  predicted  emission 
with  observed  current  densities  has  required  several  extensions  of  the 
basic  theory  to  account  for  actual  surface  conditions.  A  brief  review  of 
pertinent  electron-emission  mechanisms  and  a  description  of  applicable 
surface  effects  will  provide  the  background  for  later  discussions  of 
explosive  electron  emission  and  plasma  effects  In  the  diode. 

The  observed  reduction  In  the  diode  resistance  with  time  can  be  com¬ 
pared  to  the  transition  of  an  Initially  nonconducting,  evacuated  gap  to  a 
vacuum  arc.  Fortunately,  considerable  effort  has  been  expended  during  the 
past  several  decades  In  studying  the  high-voltage  breakdown  of  vacuum  gaps 
under  steady-state  or  long-pulse  conditions.  Although  these  studies  were 
directed  toward  Improvement  of  the  high-voltage  Insulation  properties  of 
vacuum  gaps,  many  of  the  results  are  pertinent  to  a  study  of  high-current 
diode  phenomenology.  Within  the  past  several  years,  a  series  of  Soviet 
studies  has  extended  this  early  work  to  nanosecond  pulse  durations  and 
demonstrated  the  explosive  effect  of  very  powerful  field  emission.  The 
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results  of  these  studies  have  confirmed  and  extended  several  of  the  concepts 
developed  from  the  earlier  work  and  are  extremely  important  to  a  proper 
Interpretation  of  plasma  effects  in  the  diode.  An  in-depth  development  of 
these  topics  Is  therefore  required. 

Three  distinct  modes  can  be  Identified  for  the  electron  flow  within  a 
diode,  depending  on  the  emitted  currant  density  and  the  magnitude  of  the 
applied  voltage:  (1)  source  limited;  (2)  space-charge  limited;  (3)  self- 
magnetic  field  limited.  At  low  electron  emission  densities,  the  current 
flow  is  source  limited.  More  electrons  can  traverse  the  diode  than  are 
emitted.  As  the  emission  rate  is  Increased,  the  electrons  accumulating  In 
the  diode  constitute  a  space  charge  that  exerts  a  retarding  field  at  the 
cathode.  With  higher  emission  rates,  the  electron  density  and  hence  the 
retarding  component  of  the  field  must  also  increase.  When  the  retarding 
component  at  the  cathode  equals  the  applied  field,  the  electron  flow  becomes 
space-charge  limited.  Any  further  Increase  In  the  emission  rate  will 
depress  the  potential  In  the  vicinity  of  the  cathode  to  a  level  below  that 
of  the  cathode  Itself.  Consequently,  only  electrons  emitted  with  a  finite 
velocity  are  energetically  able  to  pass  the  potential  minimum  and  reach 
the  anode.  The  remaining  electrons  are  returned  to  the  cathode  by  the 
oposslng  field. 

In  the  space-charge  limited  mode,  the  current  scales  with  the  anode 
voltage  to  the  3/2  power.  Since  the  azimuthal,  self-magnetic  field  pro¬ 
duced  by  electron  flow  within  the  diode  1b  proportional  to  the  total  cur¬ 
rent,  Increased  accelerating  voltages  result  In  rapidly  increasing  currents, 
which  In  turn  generate  stronger  magnetic  fields.  The  trajectory  of  an 
electron  accelerated  by  the  crossed  electric  and  magnetic  fields  within  the 


16 


results  of  these  studies  have  confirmed  and  extended  several  of  the  concepts 
developed  from  the  earlier  work  and  are  extremely  Important  to  a  proper 
Interpretation  of  plasma  effects  In  the  diode.  An  In-depth  development  of 
these  topics  Is  therefore  required. 

Three  distinct  modes  can  be  Identified  for  the  electron  flow  within  a 
diode,  depending  on  the  emitted  current  density  and  the  magnitude  of  the 
applied  voltage:  (1)  source  limited;  (2)  space-charge  limited;  (3)  self- 
magnetic  field  limited.  At  low  electron  emission  densities,  the  current 
flow  Is  source  limited.  More  electrons  can  traverse  the  diode  than  are 
emitted.  As  the  emission  rate  Is  Increased,  the  electrons  accumulating  In 
the  diode  constitute  a  space  charge  that  exerts  a  retarding  field  at  the 
cathode.  With  higher  emission  rates,  the  electron  density  and  hence  the 
retarding  component  of  the  field  must  also  Increase.  When  the  retarding 
component  at  the  cathode  equals  the  applied  field,  the  electron  flow  becomes 
space-charge  limited.  Any  further  Increase  In  the  emission  rate  will 
depress  the  potential  In  the  vicinity  of  the  cathode  to  a  level  below  that 
of  the  cathode  Itself.  Consequently,  only  electrons  emitted  with  a  finite 
velocity  are  energetically  able  to  pass  the  potential  minimum  and  reach 
the  anode.  The  remaining  electrons  are  returned  to  the  cathode  by  the 
oposslng  field. 

In  the  space-charge  limited  mode,  the  current  scales  with  the  anode 
voltage  to  the  3/2  power.  Since  the  azimuthal,  self-magnetic  field  pro¬ 
duced  by  electron  flow  within  the  diode  Is  proportional  to  the  total  cur¬ 
rent,  Increased  accelerating  voltages  result  In  rapidly  increasing  currents, 
which  In  turn  generate  stronger  magnetic  fields.  The  trajectory  of  an 
electron  accelerated  by  the  crossed  electric  and  magnetic  fields  within  the 


16 


diode  Is  quasl-cycloldal.  As  the  applied  voltage  Is  Increased  for  a  given 
diode  configuration,  a  point  is  reached  at  which  the  self-magnetic  field 
Is  sufficient  to  reduce  the  gyro-radius  of  an  electron  emitted  from  the 
perimeter  of  the  cathode  to  less  than  the  anode-cathode  separation.  The 
critical  current  causing  this  condition  is  recognized  as  the  upper  limit 
to  classical  space-charge  limited  flow.  Current  flow  beyond  this  limiting 
value  Is  dominated  by  the  self-magnetic  field  and  Is  distinguished  by  a 
severe  convergence  of  the  electron  beam  within  the  diode.  In  view  of  past 
debates  concerning  the  nature  of  space-charge  limited  flow  In  pulse,  high- 
current  diodes  and  the  present  limitations  to  understanding  electron  flow 
dominated  by  the  self-magnetic  field,  these  topics  will  also  be  developed 
with  care. 

2.  ELECTRON  EMISSION  MECHANISMS 

The  emission  of  electrons  from  a  conducting  surface  affected  by  the 
presence  of  a  strong  external  electric  field  is  highly  dependent  on  the 
magnitude  of  the  field  and  the  temperature  of  the  emitting  surface.  With 
the  potential  barrier  of  the  metal-vacuum  boundary  lowered  by  the  applied 
electric  field,  two  distinct  emission  mechanisms  are  recognized.  The 
electrons  may  either  possess  sufficient  kinetic  energy  to  surmount  the 
barrier,  or  quantum-mechanlcally  "tunnel"  through  the  lowered  potential 
distribution.  If  the  conductor  Is  heated,  a  significant  fraction  of  the 
free  electrons  may  gain  sufficient  kinetic  energy  to  escape  over  the 
lowered  barrier.  Such  emission  has  been  described  as  field-enhanced 
thermionic  or  Schottky  emission.  Alternatively,  when  the  external  electric 
field  Is  Increased  to  approximately  107  volts/cm,  the  probability  of 
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electrons  In  the  vicinity  cf  the  Fermi  level  tunneling  through  the  lowered 
potential  barrier  becomes  appreciable.  Electron  emission  from  a  cold  sur-  * 
face  (T  »  0°K)  by  tunneling  Is  defined  as  field  emission  while  similar 
emission  at  elevated  temperatures  Is  described  as  T-F  emission. 

Defining  the  applied  surface  field  as  F(volts/cm)  and  the  surface  temper- 
ature  as  T(°K),  tunneling  becomes  the  dominant  emission  mechanism  If 

kT  <  (he1/4/*2  iW2)  F3/4  (2) 

where  k  Is  the  Boltzmann  constant,  h  Is  Planck's  constant,  and  e  and  m  are, 
respectively,  the  charge  and  mass  of  an  electron.  After  substituting  the 
appropriate  values  for  the  physical  constants  and  rearranging,  the  crite¬ 
rion  for  tunneling  becomes 

F  >  439  T4/3  (3) 

To  Illustrate  the  relative  magnitudes  of  the  two  emission  mechanisms, 
the  total  emission  current  density  j(amperes/cni2)  as  a  function  of  applied 
field  at  various  values  of  surface  temperature  Is  shown  In  figure  2.  For 
this  example,  the  emitter  work  function  <p(eV)  was  chosen  to  be  4.5  eV.  The 
dotted  line  represents  the  criterion  for  equal  thermionic  and  tunneling 
contributions  to  the  total  emitted  current  density.  Emission  In  the  region 
to  the  left  of  this  line  results  predominantly  from  field-enhanced  thermionic 
emission,  while  emission  In  the  region  to  the  right  Is  dominated  by  tunnel¬ 
ing.  Pure  field  emission  applies  only  to  the  special  case  of  zero  surface 
temperature.  When  the  surface  temperature  Is  zero,  only  emission  by  tunnel¬ 
ing  Is  possible. 

Using  the  one-dimensional,  surface-potential  model  shown  In  figure  3, 
Fowler  and  Nordhelm  developed  the  theory  of  electron  field-emission  from  a 
cold  metal  (Ref.  20).  The  emitted  current  density,  j(T,F),  (amperes/cm2) 
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may  be  written  In  the  following  simplified  form  for  field  emission: 

j(0,F)  =  (1.54  x  10“6  F2/<j>)  exp  [-6.83  x  107  <J> f (y)/F]  (4) 

where  f(y)  Is  a  slowly  varying  function  (Nordheim  elliptic  function)  which, 
over  the  useful  range  of  the  equation,  is  almost  constant  and  generally 
varies  between  0.7  and  0.95.  Taking  advantage  of  this  fact,  the  Fowler- 
Nordheim  equation  can  be  further  simplified  to  the  following  form: 

j(C,F)  -  (1.54  x  10"6  F2U)  exp  (-6.42  x  107  <f>3/2/F)  (5) 

The  emitted  current  densities  predicted  by  the  Fowler-Nordheim  equation 
are  shown  in  figure  4  for  a  variety  of  work  functions  over  the  pertinent 
range  in  F. 

The  field-emitted  current  density  at  elevated  temperature  (T-F  emission) 
has  been  related  to  pure  field  emission  through  the  following  relation 
(Ref.  21): 


j(T,F)  »  j(0,F)  7t  p/sin  tt  p  (6) 

where  pa  kl'/d.  The  parameter  d  has  the  dimensions  of  energy  (eV)  and  is 
given  by 

d  ft  9.25  x  10'*  F/<t>1/3  (7) 

The  equation  for  T-F  emission  is  quite  accurate  provided  p  remains  less 
than  about  2/3. 

3.  CATHODE  PROCESSES 

a.  Cathode  Protrusions  or  Whiskers 

Boyle,  Klslulk  and  Germer  were  the  first  to  demonstrate  that  the 
electron  emission  from  a  "broad"  area  cathode  prior  to  breakdown  could  be 
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made  to  agree  with  that  predicted  by  the  Fowler-Nordheim  theory  If  they 
assumed  that  the  emission  occurred  from  a  small  emission  site  or  point  on 
the  otherwise  flat  surface  (Ref.  22).  The  existence  of  such  a  point  means 
that  the  field  at  the  tip  of  the  emitter  is  substantially  enhanced  relative 
to  the  average  electric  field  between  the  electrodes. 

The  field  at  the  tip  of  the  emission  site  F  can  be  related  to  the 
average  Interelectrode  field,  E  ■  V/d,  through  the  field  enhancement  factor 
m,  where  V  Is  the  total  voltage  applied  across  the  electrode  gap  d. 

F  -  mE  (8)  . 

The  enhancement  factor  Is  therefore  defined  as  the  ratio  of  microscopic  oj 
local  field  at  the  tip  of  the  emitter  to  the  average  field  in  the  diode. 

Measurement  of  the  emitting  area  A (cm2)  and  the  field  enhancement 
factor  Is  then  obtained  by  rewriting  the  Fowler-Nordheim  equation  In  the 
following  form: 

*n(I/E2)  -  i.n ( 1 , 54  x  10"V*)  ♦  In  A  ♦  2tn  in  -  6.42  x  107  4>>/a/(mE) 

(9) 

where  I  Is  the  total  emission  current  (amperes).  The  characteristics  of 
the  emission  sites  can  now  be  determined  by  plotting  «,n(l/E3)  versus  1/E. 

If  the  observed  current  has  been  field  emitted,  the  resulting  Fowler- 
Nordheim  plot  should  be  a  straight  line  with  an  intercept  on  the  logarlth-. 
mlc  axis  of 

tn(1.54  x  lO"1/^)  +  in  A  +  2ln  m  (10) 

and  a  slope 

-6.42  x  107  (11) 
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Values  of  m  and  A  obtained  from  such  an  analysis  must  be  Interpreted 
with  care  If  the  emission  Is  from  a  large-area  cathode.  If  the  emission 
source  were  a  single  point,  these  values  could  be  used  directly  to  deter¬ 
mine  the  appropriate  configuration  of  the  emitting  point.  Several  experi¬ 
mental  observations,  however,  have  established  that  the  emission  from 
broad-area  cathodes  originated  from  a  number  :>f  point  emitters  (Refs.  23, 

24,  25).  Observations  of  the  emitter  concentration  on  the  cathode  surface 
have  ranged  from  10  to  10"  per  square  centimeter.  In  spite  of  this  compli¬ 
cation,  analysis  of  multiple-point  emission  has  shown  that  the  combined 
currents  from  many  emitters  will  still  produce  a  straight-line  Fowler- 
Nordhelm  plot  (Ref.  26).  The  field  enhancement  factor  derived  from  the 
plot  Is  now  weighted  toward  the  larger  enhancement  factors  of  the  set. 
Similarly,  the  derived  emission  area  Is  not  the  total  emission  area,  but 
rather  a  qualitative  measure  of  the  magnitude  of  the  actual  area. 

Other  than  their  existence  and  some  knowledge  regarding  their  physical 
size  and  shape,  little  Is  known  about  the  point  emitters  which  appear  on 
the  surface  of  even  the  most  highly  polished  electrode  surfaces.  Several 
experimenter^  have  been  able  to  take  electron  microphotographs  of  observed 
emission  sites  (Refs.  23,  24,  25),  From  these  photographs,  the  emitting 
points  were  seen  to  have  a  whisker-like  appearance,  The  observed  electrode 
projections  ranged  from  10”**  to  10"s  cm  In  length,  and  the  sharper  projec¬ 
tions  had  a  helght-to-base  ratio  of  approximately  five.  Beyond  this, 
little  else  Is  known,  The  role  of  the  electric  field  at  the  cathode  sur¬ 
face  or  perhaps  possible  surface  contaminants  on  the  formation  and  growth 
of  these  microprojections  Is  not  completely  understood. 
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Although  many  of  the  critical  whisker  parameters  remain  unknown, 
the  size  and  shape  of  the  field-emitting  projections  have  been  correlated 
with  observed  enhancement  factors.  The  observed  variation  of  the  enhance¬ 
ment  factor  with  electrode  separation  Is  shown  In  figure  5  (Refs.  22,  27, 
28),  The  enhancement  factor  In  very  small  gaps  was  observed  to  Increase 
rapidly  with  gap  spacing  from  unity  to  perhaps  40  or  50.  In  larger  gaps 
there  was  a  slow  variation  with  gap  spacing.  Qualitative  agreement  between 
experimental  and  calculated  enhancement  factors  for  the  case  of  broad-area 
chathodes  was  achieved  by  Interpreting  the  overall  enhancement  factor  m  as 
the  product  of  an  enhancement  factor  m,,  associated  with  the  microscopic 
protrusions;  and  an  enhancement  factor  m2,  associated  with  the  macroscopic 
changes  In  the  electric  field  which  result  from  the  shape  of  the  cathode 
edge  (Ref.  27). 

The  microscopic  enhancement  factor  of  a  projection  is  dependent  on 
the  ratio  h/r^,  where  h  Is  the  projection  height  (cm),  and  rt  Is  the  radius 
of  curvature  of  the  tip  (cm).  The  variation  of  mi  with  h/rt  has  been  cal¬ 
culated  for  two  ideal  protrusion  shapes:  a  prolate  hemispheroid  and  a 
cylindrical  rod  terminated  by  a  hemispherical  tip  (Ref.  29).  The  results 
of  these  calculations  are  shown  in  figure  6.  The  equation  for  the  cylind¬ 
rical  protrusion  has  been  given  by  VI brans  (Ref.  30)  as 

mi  =  h/rfc  ¥  2  (12) 

The  anticipated  variation  of  m2  with  electrode  geometry  was  calcu¬ 
lated  by  using  a  pair  of  semi-infinite  slab  electrodes  with  rounded  corners 
as  a  model  (Ref.  27).  The  curve  shown  in  figure  7  represents  the  ratio  of 
the  maximum  value  of  the  electric  field  in  the  region  of  the  rounded  portion 
of  the  slab  electrode  to  the  average  field  In  the  gap. 


RATIO  OF  WHISKER  HEIGHT  TO  TIP  RADIUS 
Figure  6.  Field  Enhancement  for  Two  Ideal  Protrusion  Shapes 


b.  Space-Charge  Effects  on  Field  Emission 

Space-charge  effects  further  complicate  the  proper  Interpretation  of 
a  Fowler-Nordheim  plot.  When  the  field-emitted  electron  current  densities 
exceed  106  amperes/cm2,  Dyke  et  al.  (Ref.  31)  have  shown  that  the  electron 
space-charge  in  the  vicinity  of  the  emitter  surface  is  sufficient  to 
appreciably  reduce  the  applied  field.  While  the  space-charge  effects  do 
not  invalidate  the  Fowler-Nordheim  equation,  they  do  cause  an  apparent 
departure  from  this  equation  if  the  current  density  is  plotted  as  a  function 
of  the  applied  microscopic  field  F  rather  than  the  true  surface  field  F$. 

The  true  surface  field  Is  equal  to  the  applied  field  less  the  space-charge 
component.  Calculations  of  the  electrostatic  potential  and  the  current 
density  distribution  have  been  performed  for  the  case  of  a  polnt-to-plane, 
field-emission  diode  (Ref.  29).  The  results  are  shown  In  figure  8  for  two 
typical  values  of  the  emitter  work  function.  Since  F$  Is  the  actual  field 
at  the  cathode  surface,  the  dashed  curves  j(0,Fs)  simply  represent  the 
Fowler-Nordheim  equation  for  $  =  3  and  4.5  eV.  The  straight  line  (F) 
represents  the  upper  limit  which  corresponds  to  fully  space-charge  limited 
electron  flow.  The  space-charge  limited  current  density  jg  must  be  inde¬ 
pendent  of  the  cathode  work  function  and  is  relatively  insensitive  to  the 
protrusion  radius  and  the  electrode  separation.  The  curves  j(0,F)  then 
represent  the  calculated  dependence  of  the  actual  emission  density  on  the 
applied  field. 

c.  Energy  Exchange  Processes 

Electron  emission  at  the  extremely  high-current  densities  distinc¬ 
tive  of  field  emission  produces  substantial  ohmic  heating  of  the  emitter. 
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The  presence  of  high  cathode  temperature  at  the  tip  of  an  Initially  cool 
single-point  emitter  was  first  Inferred  by  Dyke  (kef.  31)  from  several 
observed  effects  which  require  the  existence  of  T-F  rather  than  field 
emission.  Several  later  experiments,  however,  could  not  be  explained  by 
appealing  to  the  resistive  heating  theory.  In  this  regard,  the  rapid 
heating  of  supercooled  field-emission  tips  and  the  long-term  emission  sta¬ 
bility  which  can  be  achieved  at  emitted  current  densities  just  below  the 
threshold  for  vacuum  breakdown  are  of  particular  note.  Further  analysis  of 
the  physical  situation  led  to  the  recognition  of  a  second  energy  exchange 
process,  the  Nottingham  effect,  which  accompanies  field  and  T-F  emission. 

Nottingham  (Ref.  32)  recognized  that  when  the  emitted  electrons 
are  replaced  in  the  internal  distribution  that  an  energy  exchange  process 
develops  between  the  crystal  lattice  and  the  electron  distribution.  Apply¬ 
ing  the  Sommerfeld  free-electron  model  for  metals,  he  proposed  that  the 
emitted  electrons  are  replaced  from  the  Fermi  level.  Thus,  If  an  electron 
is  emitted  from  a  position  within  the  Internal  distribution  located  below 
the  Fermi  level,  the  replacement  electron  must  give  up  a  certain  amount  of 
energy  to  the  crystal  lattice.  The  amount  of  energy  lost  Is  equal  to  the 
energy  difference  between  the  Fermi  level  and  the  energy  level  of  the 
emitted  electron.  he  <■  <ergy  lost  by  the  replacement  electron  is  then 
gained  by  the  crystal  lattice  Similarly,  if  an  electron  Is  emitted  from 
a  position  a/>ovu  the  Fermi  level,  the  replacement  electron  must  extract 
the  required  energy  differential  from  the  crystal  lattice.  The  latter 
sequence  corresponds  to  cooling  the  emission  surface  while  the  former 
results  In  heating. 
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Referring  to  the  energy  diagram  shown  in  figure  9,  the  average 
energy  O'  of  the  charge  carriers  which  replace  the  emitted  electrons  Is 
equal  to  -<i>  If  the  zero  reference  energy  Is  that  of  an  electron  at  rest 
outside  the  metal.  In  thermionic  emission,  the  average  energy  of  the 
emitted  electrons  0  Is  2  kT.  Consequently,  the  Nottingham  effect,  leads 
to  a  cooling  of  the  cathode  surface  by  an  amount  0  -  O'  »  $  +  2  kt  per 
emitted  electron.  For  typical  thermionic  current  densities,  the  net  rate 
of  energy  loss  by  the  cathode  is  a  few  watts/cm2. 

In  the  limiting  case  of  field  emission  (T  =  0°K),  there  are  no 
conduction  electrons  above  the  Fermi  level.  As  illustrated  in  figure  9, 
the  energy  distribution  of  the  field-emitted  electrons  is  exponential  and 
the  average  energy  of  the  emitted  electrons  Is  -(<j>  +  d).  The  amount  of 
energy  added  to  the  crystal  lattice  Is  therefore  equal  to  d,  which  Is  given 
by  equation  (7).  The  Nottingham  effect  therefore  produces  heating  of  the 
cathode  by  an  amount  which  may  vary  from  0.1  to  0.3  eV  per  emitted  electron, 
depending  on  the  applied  field  and  the  cathode  work  function.  Although  the 
amount  of  energy  exchange  per  electron  Is  much  smaller  than  in  the  case  of 
thermionic  emission,  the  effect  on  tip  temperature  is  much  greater  because 
field  emission  current  densities  can  readily  exceed  107  amperes/cm2.  Typ¬ 
ically,  Nottingham  power  inputs  at  the  emitting  surface  are  on  the  order  of 
10#  watts/cm2. 

At  high  current  densities,  emission-induced  heating  raises  the 
average  energy  of  the  conduction  electrons  and  hence,  the  average  energy 
0  of  the  emitted  electrons.  As  a  result,  the  energy  input  from  the  Notting¬ 
ham  effect  decreases  In  magnitude  and  eventually  reverses  direction  at  high 
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temperatures.  Above  this  inversion  temperature,  the  Nottingham  effect 
removes  energy  from  the  lattice  and  opposes  the  resistive  heating.  As  a 
source  of  cooling,  the  Nottingham  effect  has  a  moderating  Influence  on  the 
tip  temperature.  The  simple  theory  yields  an  approximate  relation  between 
the  applied  electric  field  F{volts/cm)  at  the  protrusion  tip,  the  cathode 
work  function  <f>(eV),  and  the  inversion  temperature  T1.(°K). 

T1  «  d/2k 

*  5.35  x  lCT5  F/$,/2  (13) 

4.  FIELD-EMISSION  INITIATED  VACUUM  ARC 
a.  Field-Emission  Hypothesis 

Electrical  breakdown  between  metallic  electrodes  has  been  a  long¬ 
standing  problem  In  the  electronics  Industry,  particularly  in  the  design 
of  high-energy  particle  accelerators.  Over  the  years  many  theories  have 
been  proposed  to  explain  the  initiation  of  vacuum  breakdown.  For  conven¬ 
ience,  these  theories  have  been  grouped  into  three  categories. 

(1)  Field-emission  hypot.hes1$--first  proposed  by  A  hear  n  In  1936 
(Ref.  3?)  and  later  refined  and  experimentally  verified  by  Dyke  (Ref.  34) 

In  1953. 

(2)  Clump  hypothes1s--descr1bed  by  Cranberg  in  1952  (Ref.  35). 

(3)  Particle  exchange  hypothes1s--the  basic  model  first  proposed 
by  Van  Atta  et  al.  In  1953  (Ref.  36). 

The  diversity  of  theory  reflects  the  complexity  of  the  physical  processes 
which  may  be  Involved.  Prior  to  the  1950s,  quantitative  verification  of 
the  various  proposed  breakdown  initiation  mechanisms  had  been  difficult. 
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However,  with  an  increased  ability  to  achieve  high  vacuum  and  the  develop¬ 
ment  of  techniques  to  determine  both  the  degree  of  surface  contamination 
and  the  microscopic  condition  of  the  electrode  surfaces,  the  more  recent 
studies  provide  excellent  detail  and  cover  a  wide  range  of  pertinent  param¬ 
eters  and  experimental  configurations. 

In  a  recent  paper,  Charbonnier  reviewed  the  processes  associated 
with  the  initiation  of  vacuum  breakdown  (Ref.  21).  When  limited  to  the 
range  of  applied  electric  field  and  pulse  duration  experienced  in  the  diodes 
of  pulsed,  high-current  electron  accelerators,  the  dominant  processes  which 
Initiate  the  transition  to  a  vacuum  arc  must  be  described  by  the  field- 
emission  hypothesis.  The  particle  exchange  and  clump  theories,  which 
Involve  substantial  transit  times  across  the  gap,  are  not  likely  to  cause 
breakdown  under  Impulse  conditions. 

According  to  the  field  emission  hypothesis,  vacuum  breakdown  pro¬ 
ceeds  as  follows.  The  field-emission  from  microprotrusions  on  the  cathode 
surface  occurs  at  comparatively  low  applied  fields.  As  the  gap  voltage  is 
Increased,  the  field-emitted  current  density  Increases  exponentially. 
Excessive  emission  then  results  in  protrusion  heating.  The  accelerated 
electron  streams  emitted  from  multiple-cathode  protrusions  may  also  cause 
localized  heating  at  the  anode  surface.  When  the  applied  voltage  reaches 
a  critical  value,  regenerative  thermal  Instabilities  will  develop  at  either 
the  cathode  or  anode.  Once  these  Instabilities  have  been  Initiated,  break¬ 
down  by  evaportatlon  and  subsequent  ionization  of  the  electrode  material 
follows  Immediately.  Such  factors  as  the  electrode  geometry,  the  field 
enhancement  factor,  the  relative  electrode  material,  and  the  pulse  duration 
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of  the  gap  voltage  determine  whether  this  critical  condition  first  occur* 
at  the  cathode  or  anode, 

b,  Cathode- Initiated  Vacuum  ftroakdown 

Quantitative  Investigation*  first  by  Dyke  (Kef,  3d)  and  than  liter 
by  Charbonnler  (Ref,  21)  and  1’ur*e1  (Ref,  M)  have  led  to  a  consistent 
description  of  the  critical  condition*  whim  result  In  cathode-initiated 
vacuum  breakdown,  They  argue  that  rathodo* initiated  breakdown  occur*  In 
the  following  manner,  emission  at  the  high-current  densities  character* 
Istlc  of  field-emission  produre*  substantial  ohmic  and  Hot t Ingham  heating 
of  the  microscopic  emission  sites,  While  the  Nottingham  effect  is  the 
primary  energy  exchange  process  In  the  Initially  cold  emitter,  ohmic  heating 
takas  over  os  the  resistance  increases  at  elevated  temperatures,  The  heat¬ 
ing  continues  until  «  critical  lip  tempera  lure  is  achieved,  Ixpertmental 
studies  of  cathode-initiated  bmakdown  have  shown  that  the  onset  of  e  rapid 
thermal  Instability  occurs  when  the  tip  temperature  reaches  a  critical  value 
which  corresponds  to  a  vapor  pressure  of  the  protrusion  material  on  the 
order  of  10"*  terr. 

The  unstable  condition  which  triggers  the  breakdown  has  *tl  basil 
In  the  space-charge  limited  character  of  High-current  density  emission, 

The  calculated  current  densities  required  to  raise  the  steady-state  tip 
temperature  of  a  typical  protrusion  to  the  critical  vaK.*;  are  on  the  order 
107  amperes/cm* .  Emitted  current  densities  of  this  magnitude  are  more  than 
sufficient  to  space-charge  limit  the  current  flow  In  the  vicinity  of  the 
protrusion  tip,  The  emitted  current  density  Is  consequently  reduced  to  a 
small  fraction  of  what  It  would  be  if  space-charge  effects  were  absont, 

if. 


Aft  IN  tip  Implffttufl  iMflftllftt  CfttNdl  Mi  Ilf  1ft  I  il  IVftperftlld 
Into  IN  region  luntdlfttily  Nysnd  IN  whliNr  Up,  feiporUtton  lull  tbit 
mglan  moslmlfis  not  only  IN  pnbftblllty  of  Cftlhodi  v*por  Nitty  lonlitd  by 
•Iwlron  collision  bul  fttio  IN  effect  of  IN  multint  lent  In  niutrUlilng 
IN  electron  ipftct  cNrgt,  With  IN  tpftCi*cNrgi  Hmltotlen  INfOby  reduced 
extremely  mpld  tncreete*  In  Ibo  milled  current  dimity  ind  IN  lubieguent 
resistive  betting  follow  Immedlfttely,  TN  regemnllve  ntluri  of  Ibli 
cycle  will  therefore  result  In  IN  rtpld  destruction  of  Ibo  minion  till 
onoo  IN  critlefti  Up  temperttun  Ni  Nm  ftllilnod, 

Unco  %N  crltlcftl  Up  Impifftluri  In  refrictory  melftls  11  slightly 
gnftter  iNn  In  Nolllityhm  Inversion  tmperetur^.  IN  NottlngNm  effect 
Nt  «  sUblHiIng  Influence  on  IN  Up  Impifftluri  for  Ibno  ntlftlt,  This 
relettonihlp  expltlnt  Ibi  sUblllty  of  mlllid  current  dimliloi  clou  lo 
IN  cflllcil  bretkdown  v«1ui,  Conildirollon  of  Ibi  NottlngNm  if  foci  mey 
•fficl  Ibi  liming  of  Ibi  breftkdown  sequence t  but  don  not  c«uii  much  ch«nge 
In  Ibi  crltlcftl  bretkdown  condllloni, 

I 

TN  erguments  glvm  iNvi  Imply  tb«t  for  ft  glvm  til  of  experiments! 
pAfomiiirit  Cftthode* Ini  titled  f1eld*em1ss1on  breakdown  should  occur  «t  « 
well-defined,  crltlcftl  cufftnl  dinilly,  In  ft  well -control ltd  experiment, 

Ibi  iffidt  of  ftUCb  pftr«»ilirt  «t  c«INdt  mftterltl  (work  function,  iveport- 
lion  cNrftclirlillcii  thirmftl  «nd  ilictrlce!  propirllit),  protrutlon  giom- 
•Iry  (tNrm«l  coupling  lo  cfttbodi  Nil),  ind  volttgi  pul  to  durillon  c«n  bi 
predicted,  Without  cenful  control,  Ibi  crltlcftl  curnni  dinilly  m«y  v«ry 
over  ft  fftlbir  wide  rengi,  typlcelly  from  10*  to  I01  •ispiris/cm*.  Nevirthi- 
lilt,  tlnci  the  mlllid  curnni  dinilly  Is  such  «  strong  function  of  the 
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applied  field,  the  corresponding  breakdown  fields  fall  in  a  fairly  narrow 
range,  for  long  pulse  or  iteidy  voltages  and  >athodt  work  function!  of 
approximately  t  #V,  the  erltkal  hroik.lown  Molds  ranoe  from  %  to  8  *  10’ 

volt*/cm, 

txperlmental  confirmation  of  the  .ntUtonre  of  *  critic*!  breakdown 
field  1l  available  from  several  sources,  Al, hough  Dyke  (Ref,  34)  1*  credited 
with  the  Initial  quantitative  confirmation,  there  was  towt  doubt  «i  to  the 
general  application  of  hi!  explanation  umumso  of  the  very  special  condition* 
(ultra-high  vacuumi  smooth,  single-crystal,  needle-shaped  cathode)  of  hit 
experiment,  The  mott  extentlve  end  » .-unclusivo  confirmation  It  th*t  of 
A! pert  ft  *1,  (Ref,  17).  Using  broad-area,  tungstan  electrodes,  the 
«uthort  Investigated  ultra-hlqh-vAfiium  breakdown  for  applied  voltages  up 
to  ISO  kV,  They  concluded  that  in  <ill  >.asns  hruakdown  occurred  it  an  average 
field  of  approximately  6  x  1Q?  yo  1  tn/c«n %  In  agreement  with  Dyke,  A  compar- 
Iton  of  their  breakdown  data  with  that  of  Dyke,  Doyle,  at  al,  (Ref,  22) 
and  Oofman  (Ref,  38)  it  shown  In  future  10,  The  critical  breakdown  field 
wat  found  to  be  constant  and  Independent  of  <mi»  spacing  for  a  range  of  over 
five  ordart  of  magnitude  regardless  of  'loomehy, 

The  description  of  cathode  initiated  breakdown  given  above  is  predi¬ 
cated  on  an  assumption  of  t henna 1  steady-state,  and  U  strictly  valid  only 
If  the  duration  of  the  voltage  pulse  is  hum  compared  to  the  time  constant 
for  thermal  equilibrium  within  the  emitting  protrusion.  In  general,  this 
Is  not  a  significant  restriction  In  that  the  very  small  dimensions  of  prac¬ 
tical  protrusions  result  In  extremely  short  thermal  equilibrium  times,  For 
example,  calculations  which  Included  both  .loule  and  Nottingham  heating  have 
shown  that  protrusions  with  a  0.1-mkron  tip  radius  approach  steady-state 
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Figure  10.  Variation  in  Critical  Steady-State  Breakdown  Field  with  Electrode  Separation 


temperatures  In  times  of  the  order  10“8  to  10’7  seconds  (Ref.  39). 

When  the  voltage  pulse  duration  becomes  less  than  the  thermal  equi¬ 
librium  time,  the  critical  breakdown  field  will  begin  to  Increase.  To 
estimate  the  relationship  between  the  critical  breakdown  field  and  the 
pulse  duration,  consider  the  situation  when  the  voltage  pulse  duration  tp 
Is  less  than  pch2/X,  where  p,  c,  and  X  are  ti.e  density,  specific  heat,  and 
thermal  conductivity  of  the  tip  material,  and  h  is  the  emitter  height.  The 
pulse  length  Is  now  sufficiently  short  that  thermal  diffusion  does  not 
appreciably  affect  the  temperature  profile  along  the  protrusion,  and  the 
tip  temperature  is  governed  by  the  local  generation  of  heat.  Neglecting 
the  Nottingham  effect  and  the  temperature  variation  of  resistivity,  the 
adiabatic  heat  flow  equation  can  be  integrated  to  yield  the  following 
expression 

Tnax  <14> 

where  0  is  the  resistivity  of  the  protrusion  material  (ohm  •  cm),  and  T 

mfl  A 

(°K)  is  the  critical  tip  temperature  which  corresponds  to  a  vapor  pressure 
of  10"4  torr.  For  tungsten,  the  product  of  j2tp  is  limited  to  approximately 
2.6  x  10®  (amperes2/cm4  •  sec)  which  corresponds  to  an  emitted  current 
density  of  1.6  x  104  t"1/2  (amperes/cm2)  (Ref.  29).  Taking  tp  to  be  on  the 
order  of  the  minimum  thermal  equilibrium  time  or  approximately  10  nanoseconds 
yields  a  current  density  on  the  order  of  108  amperes/cm2.  Noting  from 
figure  8  that  j  Is  roughly  proportional  to  V5  in  this  range  of  current 
densities,  the  critical  breakdown  field  must  increase  approximately  as  tp1/®. 
At  current  densities  In  excess  of  10®  amperes/cm2,  the  emission  is  fully 
space-charge  limited.  The  strongest  dependence  of  the  breakdown  field  on 
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pulse  width  must  therefore  be  F  a  t”1/*.  Pulse  durations  In  the  nanosecond 
range  thus  result  In  breakdown  fields  somewhat  In  excess  of  the  long  pulse 
or  steady-field  value. 

c.  Cathode-  versus  Anode-Initiated  Breakdown 

To  determine  whether  the  breakdown  process  will  be  Initiated  at  the 
anode  or  cathode,  Charbonnler  derived  a  boundary  value  for  the  protrusion 
field  enhancement  factor  which  Is  dependent  on  the  relative  electrode  mate¬ 
rials,  the  gap  geometry,  and  the  duration  of  the  voltage  pulse.  The  bound¬ 
ary  value  mQ  was  chosen  such  that  the  existence  of  cathode  protrusions  with 
an  enhancement  factor  m  greater  than  mQ  will  result  In  excessive  heating  of 
these  protrusions  before  a  critical  power  loading  can  be  achieved  at  the 
anode.  Alternatively,  If  all  cathode  protrusions  have  enhancement  factors 
less  than  m0,  field  emission  from  the  sharper  protrusions  will  lead  to 
excessive  heating  at  the  anode.  The  subsequent  evaporation  and  Ionization 
of  anode  material  results  in  breakdown  before  the  current  density  at  the 
protrusion  reaches  a  critical  value. 

Using  plane,  parallel  electrodes  and  a  heml spherically-capped, 
cylindrical,  cathode  protrusion  as  a  model  (see  figure  11),  Charbonnler 
(Ref.  21)  examined  the  critical  conditions  at  anode  and  cathode  which  result 
in  breakdown.  The  processes  leading  to  cathode-initiated  breakdown  were 
described  In  the  preceding  paragraphs.  The  maximum  power  density  which  can 
be  sustained  at  the  anode  Is  dependent  on  the  anode  material,  the  duration 
of  the  voltage  pulse,  and,  for  very  short  pulses,  the  magnitude  of  the 
applied  voltage. 

To  determine  the  power  density  at  the  anode,  it  Is  necessary  to 
know  the  expansion  of  the  electron  beam  as  it  traverses  the  gap.  The  radial 
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Figure  11 


,  Field  Emission  from  a  Whisker-Like  Cathode  Protrusion 
In  a  Plane  Parallel  Gap 


•xptnslon  of  tht  bum  1*  doptndont  on  tht  Inltlil  tltctron  velocity  rtsult- 
Ing  from  Its  fltld  tmisslon,  tht  thtpt  of  tht  field  lints  notr  tht  tip  of 
tht  omitting  protrusion,  and,  «t  high-current  dtnsltlts,  spece-chergo 
tfftctt.  Normally  tht  accoltratlng  voltages  greatly  exceed  the  Internal 
potential  barrier  within  the  cathode  material  (eV  »  $)  and  the  Initial 
velocity  of  the  electron  Is  negligible.  The  field  distortion  in  the 
vicinity  of  the  protrusion  tip  Is  substantial,  however.  The  electrons  are 
strongly  accelerated  In  this  region,  and  acquire  essentially  all  of  their 
transverse  velocity  within  a  distance  equivalent  to  a  few  tip  radii. 

Vibrant  (Ref.  31)  has  shown  that  nonuniform  field  effects  are  the  predom¬ 
inant  cause  of  beam  spreading.  Space-charge  effects  can  therefore  be 
neglected. 

After  entering  the  parallel  field  in  the  gap,  the  electrons  follow 
a  parabolic  trajectlon.  Utsuml  (Ref.  28)  has  incorporated  the  effects  of 
the  nonuniform  field  by  revising  the  parabolic  trajectory  as  follows: 

2  «  hr2/4n  (15) 

where  r  is  the  radial  coordinate  and  n  is  the  spreading  factor.  Calculated 
values  for  the  spreading  factor  os  a  function  of  h/rt  for  cylindrical  and 
semispheroid  protrusions  are  shown  in  figure  12.  For  cylindrical  protru¬ 
sions  with  h/rt  greater  than  about  3,  the  spreading  factor  is  equal  to  0.5. 

The  radius  of  *-he  anode  spot  ra  can  be  related  to  the  protrusion 

Cl 

field  enhancement  factor  by  using  the  equation  for  the  enhancement  factor 
of  a  cylindrical  protrusion  derived  by  Vibrans  given  in  equation  (12). 
Assuming  that  rf  <<  h  <<  d,  the  beam  radius  at  the  anode,  r  ,  ar.d  the  anode 
power  density,  Wa,  can  be  written  as 

Q 
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Figure  12.  Variation  in  Electron  Beam  Spreading  Factor  with  Whisker  Geometry 


ra  ■  (2  mrtd)‘/!  (16) 

and 

W2  =  IV/tt  r2  =  hjF/(2m3)  (17) 

or 

m  =  (hjcF/2Wa)'/3  (18) 

In  this  expression  for  the  field  enhancement  factor,  the  numerator 
depends  only  on  conditions  at  the  protrusion  tip,  and  the  denominator  only 
on  conditions  at  the  anode.  Field  emission  at  a  current  density  above  a 
critical  value  j  causes  excessive  emission-induced  heating  at  the  protru¬ 
sion  tip.  The  critical  current  density  can,  in  turn,  be  related  to  a  crit¬ 
ical  value  of  the  field  Fc  at  the  protrusion  tip  through  the  Fowler-Nordheim 
equation.  Similarly,  there  is  a  maximum  power  density  which  can  be  sus¬ 
tained  at  the  anode  above  which  evaporation,  ionization,  and  subsequently, 
breakdown  result.  A  boundary  value  for  the  field  enhancement  factor  can, 
therefore,  be  defined  as 

mo  *  KFc^V)'7’  <19> 

where  Wflm  is  the  maximum  anode  power  density. 

For  the  present  situation,  where  the  gap  spacing  and  the  radius  of 
the  anode  spot  are  usually  small,  the  critical  beam  power  density  at  the 
anode  is  determined  by  heat  absorption  and  diffusion  into  the  bulk  of  the 
anode,  rather  than  by  radiation.  Three  possible  cases  are  recognized, 
depending  on  the  voltage  pulse  duration  relative  to  two  characteristic 
anode  thermal  time  constants.  The  time  constants  tci  and  t  are  defined 
by  setting  the  thermal  diffusion  length  (2.X  t/cp)'/2  equal  to  first  the 
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effective  electron  penetration  depth  x  and  then  the  beam  radius  at  the 


anode  r,.  Thus, 

a 


tCl  s  cpx2/2X 


(20) 


and 

tc2  =  cpr2/2x  (21) 

where  c,  p,  and  X  are  the  specific  heat,  density,  and  thermal  conductivity 
of  the  anode  material.  In  practice,  x  is  usually  much  smaller  than  ra,  so 

a 

that  tcl  «  tc2. 

The  duration  of  the  voltage  pulse  applied  across  the  diodes  of 
pulsed  high-current  accelerators  are  typically  less  than  100  nanoseconds. 
Depending  on  the  anode  material  and  the  accelerating  voltage,  the  pulse 
length  Is  therefore  comparable  to  or  less  than  tc,.  In  this  situation, 
the  pulse  duration  Is  too  short  for  significant  heat  diffusion  beyond  the 
depth  x.  Assuming  the  temperature  distribution  to  be  approximately  uniform 
to  the  depth  x,  the  temperature  rise  at  the  end  of  the  pulse  is  approxi¬ 
mately 


and 


AT  »  W  tp/xcp 


(22) 


(23) 


The  probable  magnitude  of  mQ  can  be  estimated  from  the  following 
argument.  Levine  (Ref.  40)  demonstrated  that  resistive  heating  causes  a 
long  cylindrical  protrusion  made  of  tungsten  (or  other  materials  for  which 
the  resistivity  Increases  at  least  linearly  with  the  temperature)  to  heat 
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without  limit  If  the  product  of  current  density  by  protrusion  height  j.h 

L 

exceeds  a  critical  value,  which  for  tungsten  is  1.4  x  101*  amperes/cm.  This 
corresponds  to  a  critical  field  of  approximately  6  x  IQ7  volt/cm.  Substi¬ 
tuting  these  values  into  equation  (23)  yields 

%  *  7500  W«m/!  (2,) 

Assuming  the  use  of  a  tungsten  anode,  AT  is  2500QK  and  x  »  2  x  10‘2  V2/2 
where  x  Is  In  centimeters  and  V  is  in  megavolts.  Equation  (24)  then 
becomes 

mQ  w  20  tp/3  V-1/2  (25) 

where  tp  is  in  microseconds.  Setting  tp  =  0.1  usee  and  V  =  1  MV  yields 
mQ  «  9.  Since  large  surfaces  with  maximum  local  field  enhancement  factors 
less  than  20  are  seldom  achieved,  cathode-initiated  breakdown  is  virtually 
certain  In  the  diodes  of  pulsed  electron  accelerators. 

The  distinction  made  here  concerns  only  the  initial  phase  of  the 
breakdown.  Substantial  evaporation  and  subsequent  ionization  at  one 
electrode  results  in  a  strong  Increase  in  electron  beam  current  and  power, 
which  rapidly  pushes  the  other  electrode  beyond  the  thermal  limit.  Both 
electrodes  will  therefore  participate  eventually  in  the  development  of  a 
vacuum  arc. 

5.  HIGH-SPEED  BREAKDOWN  PROCESSES 

a.  Nanosecond  Brer‘'down  and  the  Formation  of  Cathode  Flares 

Within  the  past  several  years,  a  continuing  series  of  Soviet  studies 
have  been  reported  which  describe  the  phenomena  of  explosive  field  emission. 
These  studies  are  particularly  pertinent  to  diode  phenomenology  since  they 
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extend  the  earlier  work  on  field-emission  breakdown  to  the  range  of  nano¬ 
second  pulse  durations  and  emphatically  demonstrate  the  processes  associ¬ 
ated  with  the  transition  to  a  vacuum  arc.  Prominent  articles  related  to 
this  subject  Include  those  of  Mesyats  et  al.  (Refs.  41,  42),  Bugayev  et  al 
(Refs.  43,  44),  Kartsev  et  al.  (Ref.  45),  and  Fursey  et  al.  (Refs.  37,  46, 
47). 

A  general  summary  of  the  discharge  phenomena  in  question  has  been 
given  by  Mesyats  and  Proskurovsky  (Refs.  41,  48).  Of  particular  interest 
to  a  study  of  diode  phenomenology  are  two  experimental  studies  in  which 
the  authors  Investigated  the  high-speed  processes  which  occur  during 
pulsed  breakdown  of  vacuum  gaps.  In  the  first  set  of  experiments,  flat, 
broad-area  electrodes  of  molybdenum,  copper,  aluminum,  lead,  and  graphite 
were  subjected  to  square  pulse  voltages  of  20  to  50  kV  having  rise  times 
of  approximately  1  nanosecond  and  pulse  durations  which  varied  from  about 
10  to  100  nanoseconds.  The  electrodes  were  placed  in  a  vacuum  (10" 8  torr) 
and  separated  by  from  0.1  to  0.5  mm.  The  evolution  of  high-speed  break¬ 
down  processes  initiated  at  the  electrode  surfaces  was  then  observed  using 
electro-optical  photography  of  plasma  motion  in  gap,  and  by  monitoring  the 
current  flow  in  the  diode. 

The  results  of  these  tests  have  provided  the  first  direct  evidence 
of  the  dominant  role  of  cathode  processes  in  the  Initiation  of  pulsed  break 
down.  The  observations  of  Bugayev  et  al.  are  best  illustrated  by  consid¬ 
ering  a  schematic  of  the  observed  plasma  phenomena,  time  correlated  with 
the  resultant  current  pulse  (Refs.  43,  44,  49).  The  schematic  (figure  13) 
shows  the  photographed  plasma  motion  which  developed  during  the  breakdown 
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of  coppar  electrodes  separated  by  0,3!  m>  The  voltage  pulse  Mt  applied 
it  t0,  followed  by  the  emission  of  the  first  measurable  current  it  t», 

By  tii  i  vacuum  arc  hid  boon  established  and  tht  current  hid  risen  to  i 
viluo  limited  by  tho  circuit  parameters,  from  tht  photographs*  tool  It  ltd 
plasma  flirts  wtra  obitrvtd  on  tht  eithodt  I  to  6  nanoseconds  ifttr  tht 
ippltcitton  of  tht  voltigt  to  tht  gap,  Moreover*  tht  appearance  of  tht 
eithodt  flirts  wat  colncidtnt  to  tht  tntttil  observation  of  measurable 
currtnt.  Following  Its  forms tlon,  tht  eithodt  flirt  pltimt  expended  it  i 
velocity  of  approximately  l  x  10*  cm/sec, 

Tnt  Ini  tilt  Ion  of  tht  breakdown  mis  is  predicted  by  the  field* 
emission  hypothesis,  Phtnomtne  essoclittd  with  the  explosive  neture  of 
the  protrusion  destruction  end  the  forme tlon  end  txpinslon  of  eithodt 
flirts  er«i  however,  beyond  tht  scope  of  the  field-emission  hypothesis, 

Note  that  the  totil  currtnt  following  tht  flirt  formetlon  was  substantially 
higher  than  the  stable  field-emission  currtnt,  Moreover,  currtnt  emission 
after  ti  was  space-charge  limited  and  therefore  dependent  on  the  expansion 
of  flare  plasmas. 

The  observed  dependence  of  the  time  Interval  t»  -  t0  ■  t^  on 

applied  field,  cathode  material,  and  electrode  separation  Is  shown  In 
figure  14  (Refs.  44,  49),  The  time  to  breakdown  t^  was  found  to  be  Inde¬ 
pendent  of  electrode  separation  but  strongly  dependent  on  the  magnitude 
of  the  applied  field.  A  moderate  dependence  on  cathode  material  was  also 
observed.  The  range  of  applied  field  producing  a  sharp  increase  In  the 
breakdown  delay,  tb,  corresponded  to  the  fields  required  for  steady-state 
breakdown. 
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Although  than  Initial  axpartmenu  posed  several  Intriguing  ques¬ 
tion  concerning  the  batlc  nature  of  the  explosion  process  end  subsequent 
electron  Minion,  quintltatlve  measurement  of  such  factors  os  the  critical 
breakdown  condition!  and  tho  flirt  plasma  paramours  was  not  possible  under 
tho  constraints  of  tholr  Initial  experiment,  To  remove  these  difficulties, 
Hosyats  et  el,  switched  to  an  electrode  configuration  similar  to  that  used 
by  Qykei  1,e,»  they  replaced  the  broad-area  cathode  with  a  microscopic, 
llngle-polnt  emitter,  By  using  a  single-point  emitter  of  1-  to  10-micron 
diameter,  the  precise  electrode  geometry  and  surface  conditions  were  known. 
Throughout  the  second  series  of  experiments,  needle  cathodes  of  tungsten, 
molybdenum,  and  copper  were  placed  In  vacuo  0.05  to  1  cm  from  a  planar 
anode  and  subjected  to  square  pulses  of  10  to  500  kV,  As  in  the  initial 
experiments,  the  voltage  rise  time  was  approximately  1  nanosecond.  Pulse 
widths  varied  from  5  to  50  nanoseconds,  but  In  all  cases  were  less  than 
the  time  required  to  evaporate  anode  material.  The  objectives  of  the 
experiment  were  to  evaluate  protrusion  heating  under  transient  conditions, 
to  Investigate  the  protrusion  explosion  process,  and  to  determine  the 
electron  emission  mechanism  following  the  protrusion  explosion, 
b.  Time-Dependent  Heating  of  Cathode  Protrusion 

As  stated  earlier,  the  thermal  equilibrium  time  for  protrusions 
with  0.1*m1cron  tip  radii  are  of  the  order  10"7  to  10"8  nanoseconds.  When 
the  pulse  duration  Is  less  than  the  protrusion  equilibrium  time,  steady- 
state  analysis  is  no  longer  appropriate.  Mesyats  extended  the  previous 
protrusion  heating  calculations  by  considering  the  time-dependent  problem. 

If  the  time  to  breakdown  Is  greater  than  (pcrt/X)2  but  less  than  (pch/'x)2, 


the  calculation  reduces  to  solving  the  following  one-dimensional,  semi 
infinite  boundary  value  problem. 

£C  3T(z,t)  =  S2T(z,t)  +  Q(T) 

A  at  3z 2  A 


T(z,o)  =  Tq 

A  111°  L*!  =  -H(T)  (26) 

3z 

where  r ^  and  h  are  the  protrusion  tip  radius  and  height,  respectively; 
p,  A,  ano  c  are  the  density,  thermal  conductivity,  and  specific  heat  of 
the  protrusion  material;  and  Q(T)  and  H(T)  are  the  volumetric  source  and 
heat  flux  vector  (rate  of  energy  transfer  per  unit  area).  For  the  case  of 
emission-induced  heating,  the  volumetric  heat  source  results  from  resis¬ 
tive  heating  while  the  Nottingham  effect  determines  tjie  heating  or  cooling 
at  the  surface.  The  appropriate  expressions  for  Q(T)  and  H(T)  are,  there¬ 
fore, 


Q(T)  »  JTF ( T ) 2  ft(T) 

(27) 

H(T)  *  —  %(T)  cot  it  p(T) 

(28) 

where  k  is  the  Boltzmann  constant,  e  is  the  electronic  charge,  j-j-pCO  is 
the  T-F  emission  current  density,  n  is  the  resistivity,  and  p  is  the 
dimensionless  parameter  introduced  in  equation  (6).  By  Incorporating 
equation  (13),  p  can  be  written  as  being  equal  to  T/(2/T^),  where  is 
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the  Nottingham  inversion  temperature. .  If  the  change  In  resistivity  with 
temperature  Is  Included  by  defining  ft  *  ft0T,  three  dimensionless  coordi¬ 
nates  can  be  defined  as  follows: 

/  \»/2 

x  =  jF(n0/x)  z 

T  =  Of  Vpc)  1 

Y  =  (ttT/2^)  (29) 

where  jp  is  the  field  emission  current  density,  which  is  independent  of 
the  temperature.  Since  the  T-F  emission  current  is  determined  by  the 
surface  temperature  of  the  emitter,  the  boundary  condition  is  defined  as 
Yp  s  Y(0,t).  By  substituting  equations  (27),  (28),  and  (29)  into  equation 
(26),  the  boundary  value  problem  can  be  rewritten  as 


where  Yp  »  Y(o,t).  The  Wiedmann-Franz  law  gives  tt  k/e(ft0X)^2  as  being 
equal  to  /J.  Mesyats  et  al.  have  solved  the  boundary  value  problem  numer¬ 
ically  using  the  physical  constants  of  tungsten  (Ref.  47).  The  calculated 
dependence  of  the  surface  temperature  with  time  is  shown  in  figure  15, 
which  gives  values  of  jjp/jp  as  a  function  of  x.  The  ratio  of  jyp/jp  is 
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JTF/JF  ■  "  P/*1n  *  P  (31) 

whtr*  p  •  T/tT^  tnd  Tj  •  5,38  x  10"*  F/fe*/*,  T^  1*  In  %  F  In  volt/cm, 
end  t  In  *V.  For  «  fixed  vtlut  of  F,  jTF/jF  1»,  therefore,  a  measure  of 
ihi  surface  temperature.  Tht  plateau  on  the  curvt  when  jTF  ■  (w/2)JF 
results  from  the  effects  of  Nottingham  cooling.  At  later  time  when 
jTF  exceeds  (n/2)JF.  unrestricted  heating  results  and  the  emitted  current 
density  rapidly  Increases.  For  this  analysis,  breakdown  was  said  to  occur 
at  the  Instant  when  JTF  exceeded  (it/2)Jf  by  10  percent.  The  breakdown 
delay  Interval  t,  was  seen  to  be  unchanged  by  variation  In  the  Initial 
condition  V  ,  In  this  case,  the  values  of  YQ  correspond  to  the  magnitude 
of  applied  field.  For  Initial  surface  temperatures  on  the  order  of  room 
temperature,  the  values  of  YQ  used  In  the  calculation  correspond  to  the 
following  approximate  values  of  applied  field  and  Initial  field-emission 
current  density  (table  II). 

Table  II 

INITIAL  CONDITIONS  FOR  TRANSIENT  HEATING  CALCULATION 
Y0  FQ(volt/cm)  jF(ampere/cmz) 

0.14  6  x  10’  5  x  107 

0.29  1.2  x  10*  2  x  10# 

If  t $  Is  Independent  of  the  Initial  applied  field  over  the  range 
listed  above,  the  following  approximate  relation  is  valid: 

jF  tb  *  2.2  pc/n0  (32) 
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where  tb  Is  the  breakdown  delay  interval.  Such  a  relation  is  not  unex¬ 
pected  (see  equation  (14)).  by  assuming  that  the  critical  current  density 


Jc  was  equal  to  1 Tp/  rt 


2,  where  iyp  is  the  T-F  emission  current,  and  rt  is 


the  emitted  tip  radius,  Mesyats  reduced  equation  (32)  to 


j !  tb  =  0.55 


Using  the  physical  constants  of  tungsten,  j2  t.^  -  4.  5  x  109  ampere  •  sec/cm4 
which  was  in  good  agreement  with  the  experiment?.!  value  of  4  x  10*  ampere  • 
sec/cm4. 

As  shown  in  figure  8,  emitted  current  densities  in  excess  of  approx¬ 
imately  10s  ampere/ cm2  result  in  an  apparent  departure  from  the  Fowler- 
Nordheim  relation  because  of  space-charge  effects.  The  emission  of  tran¬ 
siently  stable  current  densities  of  the  order  10*  amperes/cm2  Is,  there¬ 
fore,  definitely  space-charge  limited.  The  space-charge  limited  current 
density  can  be  estimated  from  the  infinite-planar  Child-Langmuir  equation 


9y  Z2 


(34) 


In  this  equation,  w  is  equal  to  2tr  (2m/e);/2  where  m  and  e  are 
the  electron  mass  and  charge,  respectively.  Vc  can  be  estimated  by  assum¬ 
ing  that  Vc  ■  FCZ,  where  F£  is  the  field  at  the  tip  of  the  emitter  (Fc  »  mC) 
and  Z  is  a  characteristic  length  of  the  field  distortion  around  the  emitter 
tip.  By  assuming  that  Z  is  of  the  order  of  the  emitter  tip  radius,  equa¬ 
tion  (34)  can  be  rewritten  as 
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(35) 


Jc 


4  (mE)V2 
9y  r3/2 


Combining  equations  (33)  and  (35)  results  in 


280  y2  pc 
m3  E3 


(36) 


When  using  broad-area  cathodes,  the  parameters  rt  and  m  are  generally 
unknown  unless  the  stable  field-emission  current  can  be  measured.  Experi¬ 
mental  results  have  shown,  however,  that  for  a  given  range  of  F,  t^  does 
not  vary  much.  In  view  of  equation  (36),  this  would  Imply  that  the 
enhancement  factor  and  tip  radius  characteristic  of  the  sharpest  protru¬ 
sions  vary  within  a  limited  range.  Equation  (36)  can  therefore  be  reduced 
to 

tb  a  E"1/3  (37) 

This  relation  Is  verified  by  the  data  shown  In  figure  16  which  shows  the 
dependence  of  the  breakdown  delay  time  for  aluminum  electrodes  on  the 
magnitude  of  the  applied  field.  The  data  is  plotted  a  log10  tb  versus 
log io  £  to  show  the  linear  dependence  and  slope  of  approximately  3  with 
respect  to  the  abscissa, 
c.  Protrusion  Explosion 

The  explosive  nature  of  the  destruction  of  a  protrusion  has  been 
compared  to  the  explosion  of  thin  wires  by  electric  current  in  vacuo.  The 
expansion  of  exploding  wire  plasma  Into  vacuum  has  been  described  as  the 
sudden  adiabatic  expansion  of  a  spherical  gas  cloud  (Ref.  50).  Since  the 
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Figure  16.  Breakdown  Delay  as  a  Function  of  Applied  Field 
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flare  plasma  becomes  collUlon-free  for  Inelastic  processes  In  times  on 
the  order  of  1C*  seconds  and  subsequent  plasma  heating  by  electron  flow 
becomes  negligible,  Mesyats  et  al.  (Ref.  48)  have  applied  the  gas  dynamic 
solution  for  adiabatic  expansion  to  the  cathode  flare.  From  gas  dynamics 
the  boundary  velocity  vmax  can  be  related  to  the  late-time  inertial 
expansion  velocity  v^  In  the  following  manner 


where  y  is  the  adiabatic  exponent,  equal  to  the  ratio  of  specific  heats 
at  constant  pressure  and  constant  volume.  As  the  thermal  portion  of  the 
total  gas  cloud  energy,  U,  approaches  zero  asymptotically  with  time  during  the 
expansion,  conservation  of  energy  require  that  the  kinetic  energy  approaches  U. 
When  the  kinetic  energy  is  nearly  equal  to  U,  the  fluid  expands  by  inertia. 

The  average  velocity  of  the  gas  cloud  of  mass  M  then  approaches  the  constant 
limiting  value  v^,  «  (2U/M)1/2.  If  the  Initial  internal  energy  of  the  gas 
is  determined  predominantly  by  the  latent  heat  of  sublimation  or  evaporation 
of  the  protrusion  material  and  some  amount  of  superheating  is  possible, 
the  ratio  U/M  Is  given  by  kI  where  k  Is  the  superheat  factor  and  l  is  the 
latent  heat  of  sublimatlon/evaporatlon.  Combining  these  factors,  the 
expansion  velocity  of  the  flare  plasma  should  be  of  the  order 

v  *  *e)1/2  (39) 

Assuming  the  flare  plasma  to  act  as  a  perfect  gas  at  high  temperatures, 
the  ratio  of  specific  heats  Is  5/3.  According  to  Mesyats,  exploding  wire 
research  has  shown  the  superheat  factor  to  be  in  the  range  2  to  5.  The 
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resultant  flare  expansion  velocities  would  therefore  be  expected  to  vary 
from  1  x  10‘  to  2  x  10s  cm/sec  for  the  metals  investigated.  This  Is  In 
agreement  with  experimental  observations. 

In  a  later  paper  (Ref.  41)  Mesyats  et  al.  reported  a  slight  depend¬ 
ence  of  the  f’are  expansion  velocity  on  the  rate  of  rise  of  the  leading 
edge  of  the  applied  voltage  pulse.  By  adjusting  their  experimental  param¬ 
eters  so  that  the  explosion  would  occur  during  the  rise  of  the  voltage 
pulse,  Mesyats  et  al.  could  vary  the  specific  energy  evolved  at  the  tip 
before  It  exploded.  Figure  17  shows  the  dependence  of  the  expansion 
velocity  on  the  average  rate  of  change  In  the  field  intensity  Fc/tr,  where 
Fc  Is  the  peaic  value  of  the  electric  field  at  the  tip  of  the  protrusion 
and  tr  Is  the  rise  time  of  the  voltage  pulse. 

d.  Electron  Emission  Following  Emitter  Explosion 

Following  the  explosion  of  the  emitting  tip,  Bazhenov  et  al.  (Refs. 
41,  51)  observed  that  the  diode  perveance  (electron  flow  from  the  cathode 
flare)  exhibited  a  distinctive  dependence  on  time  that  was  Invariant  with 
the  applied  voltage  and  the  electrode  separation.  Knowing  the  experimental 
perveance  and  the  applied  voltage,  the  average  emission  current  density 
from  the  surface  of  the  expanding  flare  can  be  estimated  by  assuming  that 
the  emission  surface  1$  a  hemisphere  of  radius  vt.  Conservation  of  current 
then  requires  that  the  average  emission  density  from  the  surface  of  the 
solid  cathode  be  approximately  twice  the  emission  density  from  the  expand¬ 
ing  flare  surface.  With  an  applied  voltage  of  4  x  10"  volts,  the  experi¬ 
mental  perveance  after  10  nanoseconds  of  current  flow  was  8  x  10'*  ampere/ 
volt’/*.  If  the  expansion  velocity  was  2  x  10‘  cm/sec,  the  emission  density 
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ity  (cm/sec) 


from  the  solid  cathode  was  approximately  5.0  x  ID4  amperes/cm2.  To  achieve 
this  currant  density  by  T-F  emission,  the  flare  plasma  must  generate  a 
Debye  field  of  about  4.3  x  107  volt/cm.  The  Debye  field  at  the  surface 
of  a  conductor  in  contact  with  a  plasma  is  given  by 

Fn  =  —  =  1.25  x  10"s  (nT)*/2  (40) 

where  LQ  is  the  plasma  Debye  length,  T  is  the  temperature  in  °K,  and  n  is 
the  plasma  density  in  particles/cm3 .  To  produce  the  required  Debye  field, 
the  product  nT  must  equal  1.1  x  1025.  Spectral  measurements  of  line 
Intensity  indicated  that  the  electron  temperature  was  approximately  equal 
to  the  Fermi  temperature  of  the  emitter.  If  T  =  Tg  =  8  x  104  °K,  the 
plasma  concentration  must  be  on  the  order  of  1029  cm-3.  Mass  loss  measure¬ 
ments  Indicated  that  the  cathode  protrusion  provided  a  continuous  supply 
of  particles  to  the  flare.  While  the  initial  density  of  these  particles 
would  be  on  the  order  of  the  density  of  the  solid  (1023  cm”3),  the 
average  density  In  the  cathode  flare  ranged  from  1015  to  1017  cm”3. 

These  preliminary  measurements,  therefore,  supported  the  hypothesis  that 
the  electric  field  required  to  emit  the  observed  current  densities  through 
T-F  emission  Is  generated  by  charge  separation  within  the  plasma  sheath 
formed  at  the  boundary  between  the  solid  cathode  and  the  cathode  flare. 

The  electron  emission  following  emitter  explosion  can  therefore  be 
described  as  ilasma-lnduced  T-F  emission. 

6.  SPACE-CHARGE  LIMITED  ELECTRON  FLOW 

Given  an  unlimited  supply  of  zero-initial-velocity  electrons,  the 
current  which  can  be  drawn  between  the  electrodes  of  a  vacuum  diode  for  a 
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fixed  potential  differential  Is  limited  by  the  electron  spice  charge, 

The  electrons  leaving  the  cithode  constitute  i  spice  charge  thit  exerts 
a  retarding  field  In  the  region  of  the  cithode.  The  net  field  at  the 
cathode  surface  Is  then  the  difference  between  the  retarding  space-charge 
field  and  the  accelerating  field  produced  by  the  positive  voltage  of  the 
anode.  The  electron  density  In  the  diode  region  and,  hence,  the  retarding 
component  of  the  field  at  the  cathode  increase  with  Increasing  current. 
When  a  given  positive  anode  voltage  Is  applied,  the  diode  current  builds 
up  rapidly  to  a  value  such  that  the  average  retarding  field  at  the  cathode 
Is  equal  to  the  accelerating  Held.  The  net  field  at  the  cathode  Is 
therefore  zero.  An  Increase  In  the  electron  emission  does  not  raise  the 
diode  current  because  the  Increased  space-charge  potential  forces  the 
additional  electrons  to  return  to  the  cathode. 

To  Hlustrate  the  dependence  of  the  current  on  the  diode  geometry 
and  the  applied  voltage,  the  space-charge  limited  current  density  will  be 
derived  for  the  case  of  a  planar  diode.  The  following  assumptions  are 
made:  (1)  the  cathode  Is  capable  of  supplying  more  electrons  than  a  re 
drawn  to  the  anode;  (2)  the  cathode  and  anode  are  parallel  plates  of  infi¬ 
nite  extert,  l.e.,  the  electrostatic  field  Is  normal  to  the  electrode 
surface  and  uniform  over  the  surface  of  any  plane  parallel  to  the  elec¬ 
trode;  (3)  the  anode  potential  Is  sufficiently  low  that  relativistic 
effects  can  be  neglected;  (4)  electrons  supplied  by  the  cathode  have 
negligible  initial  velocity  after  emission  compared  with  the  electron 
velocity  achieved  during  acceleration  to  the  anode;  and  (5)  the  space 
between  the  cathode  and  anode  Is  sufficiently  free  of  gas  that  electrons 
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do  not  lost  an«rgy  by  collision  with  got  molacules  nor  do  a  sgfflelant 
numbar  of  Ion*  oxist  to  rtduct  th*  olactron  spaco-chargo  deprtsslon  of  the 
potential, 

The  currant-voltago  relationship  for  the  space-chargt  limited  diode 
cen  be  obtained  from  Poisson's  equation,  conservation  of  energy,  conserva¬ 
tion  of  current,  and  the  boundary  condition  which  requires  that  the  net 
electric  field  at  the  cathode  be  tero.  Poisson's  equation  reduces  in  one- 
dimension  to 


d'  V(i)  .  «n(i)  (4t) 

d«'  t„ 

where  V(x)  Is  the  potential  (volts),  e  is  the  electronic  charge  (Coulomb), 
n(x)  is  the  electron  density  (cm"*),  and  cQ  Is  the  permittivity  of  free 
space.  Conservation  of  energy  may  be  written 

e  V(i)  - -m  [v(z)]2  (42) 

2 

where  m  Is  the  electron  mass  and  v(z)  Is  the  velocity  (meter/sec).  Con¬ 
servator  of  current  requires  that  the  current  density  be  Independent  of 
z.  The  current  density  at  a  point  z  may  then  be  written  in  terms  of  the 
space-charge  density  e  n(z)  and  the  velocity  v(z). 

j  ■  -e  n(z)  v(z)  (43) 

The  parameters  e  n(z)  and  v(z)  can  now  be  eliminated  by  writing 


l2.-v(.*J.  =  .  v{z)_l/ 2 

dzz  e0  \2e/ 


(44) 
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Integrating  twice,  with  the  two  constants  being  zero  because  of  zero 
electric  field  and  potential  at  the  cathode,  the  current  density  is  given 
by 


If  the  experimental  values  of  e,  m,  and  eQ  are  substituted  in  this  equa¬ 
tion,  It  Is  found  that 

j (z)  =  2.33  x  TO'6  V( z)3/2  z-2  (46) 

If  z  is  in  centimeters,  the  current  density  is  in  amperes/cm2.  This 
relation  was  first  derived  by  C.  D.  Child  (Ref.  52)  in  a  theoretical  and 
experimental  investigation  of  the  magnitude  of  currents  that  could  be 
carried  by  positive  ions  In  low-pressure  arcs.  It  was  independently 
derived  and  applied  to  electron  currents  in  high  vacuum  by  I.  Langmuir 
(Ref,  53).  Multiplication  of  both  sides  of  the  equation  by  the  cathode 
area  yields  the  total  current  drawn  across  a  finite  planar  diode.  Use  of 
the  Chlld-l.angmuir  equation  for  the  space-charge  limited  current  density 
to  predict  the  total  current  is  justified  only  if  rQ/d  is  large  (r  is 
the  radius  of  the  finite  cathode,  and  d  is  the  diode  separation).  The 
requirement  that  rQ/d  be  large  is  necessary  to  minimize  the  edge  effect. 

The  derivation  of  the  Child-Langmuir  law  was  illustrated  above  because 
of  its  simplicity.  In  many  cases,  however,  the  assumption  which  allowed 
this  derivation  are  physically  unrealistic.  To  more  fully  understand  the 
ramifications  of  space-charge  limited  flow,  the  effects  of  each  assumption 
should  therefore  be  considered.  If  the  first  assumption  is  violated,  a 
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a  situation  results  in  which  all  electrons  that  are  emitted  reach  the  anode. 
The  electron  flow  would  now  be  source  limited. 

If  the  diode  geometry  is  modified,  a  change  in  the  space-charge  limited 
current  result.  Langmuir  and  Compton  have  derived  expressions  for  space- 
charge  limited  electron  flow  in  cylindrical  and  spherical  geometries  (Ref. 
54).  If  Poisson's  equation  is  used  in  cylindrical  and  spherical  coordi¬ 
nates,  the  equation  which  corresponds  to  equation  (44)  may  be  written 


d2V  ,  y  dv  _ 
dr  r  dr 


(47) 


where  x  is  1  for  cylinders  and  2  for  spheres.  To  simplify  the  subsequent 
derivation,  the  variables  V  and  r  were  replaced  by  two  dimensionless 
variables,  a  and  6,  which  were  defined  by 

6  *  £n^r/rej  (48) 

and 

3  -  |  €°  V*/*  (to)"1  (49) 


where  rp  is  the  radius  of  the  emitter.  By  noting  that  the  current  density 
varies  in  proportion  to  e"x5,  the  authors  solved  for  a,  a  parameter  which 
took  the  *orm  of  a  power  series  in  6.  For  cylinders  (x  *  1),  the  appro¬ 
priate  ssries  was  as  follows: 

at  -  6  -  (2/5)  <52  +  (11/120)  53  -  (47/3300)  64  +  0.00168  6s  .  .  . 

(50) 

whiui  for  r/rg  >  10  and  an  external  collector  can  be  approximated  by 
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<51  *  1  +  0.9769  (re/r)2/3  sin  |K0854  logio  [(r/11 .93  rjjj  (51) 

A  similar  expression  has  been  derived  for  a  sphere  (x  =  2). 

ot2  =  <$  -  0.3  62  +  0.075  6 3  -  0.0143  64  +  0.00216  65  .  .  .  (52) 

For  an  external  collector  and  very  large  values  of  r/re,  the  following 
equation  gives  a  good  approximation. 

a2  =2/36+  0.5158  logio  (3.885  6)  (53) 

Values  of  ai  and  a2  as  a  function  of  r/rg  are  given  in  figure  18. 

The  current  density  j  at  any  point  between  the  cylinders  is  given  by 
equation  (49).  With  V  in  volts,  the  total  electron  flow  I  (amperes) 
between  concentric  cylinders  (external  collector)  is  limited  to  the 
following  value. 

I  “  ~  *  eQ  ^  ^  L  V3/2  (r  a]) 

=  14.7  x  10-6  L  V3/2/(r  a?)  (54) 

where  r  is  the  collector  radius  and  L,  the  length  of  the  cylinders,  Is  so 
great  compared  to  the  radius  that  end  corrections  are  negligible. 

Similarly,  the  space-charge  limit  for  electron  flow  between  concentri 
spherical  electrodes  is  given  by 

1 ' 7  *  (T  v’/!/(“’>  (65> 

For  electrons,  when  V  is  expressed  In  volts  this  becomes 

I  =  29.34  x  10"6  V 3 /2/(oi2 )  (56) 
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Variation  of  at  and  at  iritli  ttie  Ratio  of  Collector  to 


Th#  equations  for  space-charge  limited  electron  flow  have  greater 
significance  If  written  In  terms  of  the  diode  perveance  which  1$  defined 
as  l/V’/'t  The  perveance  of  the  planar,  cylindrical,  and  spherical 
geometries  are  given  by 

pplanar  1  *  2,33  *  ]r%  A/d*  (5?) 

"cylMrlcil  *  U (r«!)  (58) 

W«*l  ■  »•“  *  ’•>“/«:  (59) 

The  utility  of  perveance  In  describing  space-charge  limited  flow  In  a 
diode  of  given  geometry  Is  apparent  when  the  Invariance  of  this  quantity 
with  respect  to  voltage  (neglecting  relativistic  effects)  Is  noted.  The 
perveance  Is  a  geometrical  characteristic  of  diodes  and  electron  guns 
which  art  operated  under  space-charge  limited  conditions  and  can  therefore 
be  determined  by  measuring  the  current  at  a  single  voltage.  The  current 
at  any  other  voltage  can  then  be  calculated  directly.  Furthermore,  the 
perveance  Is  Invariant  to  size  If  all  dimensions  are  changed  by  a  constant 
factor, 

If  the  accelerating  voltage  Is  Increased  above  a  few  kilovolts,  the 
resultant  electron  velocity  becomes  a  significant  fraction  of  the  speed 
of  light,  and  relativistic  effects  can  no  longer  be  neglected  a  priori. 

The  nonrelat.ivlstlc,  space-charge  equation  for  the  Infinite-planar  diode 
has  been  extended  to  the  case  of  relativistic  velocities  by  Ivey  (Ref.  55). 
The  results  of  his  computation  of  the  actual  emission  are  compared  with 
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the  Child-Langmuir  predictions  in  figure  19.  As  shown  in  the  graph,  the 
actual  space-charge  current  density  is  less  than  that  predicted  by  the 
nonrelativistic,  Child-Langmuir  approximation.  This  reduction  results 
from  the  fact  that  the  electron  velocity  for  a  liven  voltage  is  less  than 
that  calculated  using  nonrelativistic  considerations.  Consequently,  the 
space-charge  density  is  greater  and  the  field  in  the  vicinity  of  the 
cathode  is  further  reduced. 

The  exact  solution  of  the  one-dimensional  Poisson's  equation  for 
relativistic  velocities  Is  written  in  terms  of  elliptic  Integrals  and  is 
not  amenable  to  rapid  calculation.  A  more  useful  approximation  has  been 
derived  by  Friedlander  et  al.  (Ref.  15).  The  Friedlander  approximation, 
presented  in  table  III,  is  also  compared  with  the  actual  emission  In 
figure  19.  The  graph  indicates  that  this  approximation  differs  from  the 
exact  emission  by  less  than  10  percent  for  voltages  greater  than  about 
500  kV.  At  extremely  high  voltages,  the  actual  emission  curve  approaches 
a  linear  relation  on  the  logarithmic  plot.  This  ultra-relativistic 
approximation  is  not  valid  until  the  accelerating  voltage  Is  on  the  order 
of  10®  volts. 

The  presence  of  evert  modest  concentrations  of  ions  In  the  diode  region 
represents  an  efficient  source  of  space-charge  neutralization.  To  minimize 
the  possibility  of  space-charge  neutralization,  it  is  necessary  not  only 
to  maintain  adequate  vacuum  environmental  conditions,  but  also  to  ensure 
that  the  anode  is  relatively  free  of  surface  contamination  which  could  be 
released  and  Ionized  by  electron  bombardment.  The  high-vacuum  Child- 
Langmuir  derivation  is  easily  modified  to  include  the  presence  of  a  uniform 
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Figure  19.  Comparison  of  Several  Space-Charge  Limited  Flow  Approximations 

with  Actual  Emission 


Table  III 
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5.31 


concentration  of  singly  charged  Ions  In  the  anode-cathode  region.  The 
derivation  Is  modified  by  rewriting  Poisson's  equation  to  Include  the  Ion 
density 


d2V 

dz2 


(63) 


Since  vfi  »  v^  and  Is  at  best  on  the  order  of  ng,  the  expression  for  the 
currant  density  remains  unchanged. 


j  *  -ne  eve  +  n^  ev1 

»  nfi  evfi  (64) 


Completing  the  derivation  yields  the  following  expression  for  the  electron 
current  density,  jn,  in  a  partially  neutralized  diode. 

■  k-L  (^)  <66> 

where  jC-L  is  the  Child-Langmuir  current  density  and  f  is  the  Ionization 
fraction  n^/n^.  Equation  (65)  Indicates  that  ion  concentrations  less 
than  0.1  ne  have  little  effect  on  the  space-charge  limited  electron  current 
drawn  to  the  anode.  As  f  approaches  unity,  however,  the  electron  flow 
increases  rapidly. 

7.  BEAM  CONVERGENCE  CRITERIA 

The  forces  acting  on  an  electron  within  the  diode  region  have  their 
origin  In  the  following  electromagnetic  fields:  (1)  applied  electric 
field;  (2)  electrostatic  space-charge  field;  and  (3)  the  azimuthal  self- 
magnetic  field  resulting  from  the  net  current  flow  in  the  diode.  The 
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applied  and  space-charged  fields  are  strongly  influenced  by  the  diode 
geometry.  In  contrast,  the  azimuthal  magnetic  field  is  determined  by  the 
current  enclosed  by  a  line  Integral  around  the  beam  axis  and  is  therefore 
essentially  independent  of  geometry.  As  the  ratio  of  cathode  radius  rQ 
to  diode  separation  dQ  (the  aspect  ratio)  is  Increased,  the  radial  compo¬ 
nent  of  the  applied  electric  field  becomes  smaller  and  the  applied  field 
becomes  predominantly  axial. 

In  the  limit  of  large  r0/dQ ,  the  radial  component  of  the  space-charge 
field  also  approaches  zero.  The  zero  nature  of  this  component  can  be 
demonstrated  by  the  following  post  hoc  ergo  propter  hoc,  but  nevertheless 
illustrative  derivation.  By  applying  Gauss'  law  In  Integral  form  to  the 
surface  surrounding  the  diode  volume,  the  average  radial  space-charge 
field  at  the  diode  periphery  is  given  by 


/ 


2tt  r  rl  t 
0  0  0 


en(z)  di  +  ~ 
2d_ 


4s<°>  ♦  isK)>] (66) 


where  Er$  and  Ezs  refer  to  the  radial  and  axial  components  of  the  space- 
charge  field.  The  space-charge  density  en(z)  withir,  the  diode  volume  and 
the  net  electric  field  at  the  anode  and  cathode  surfaces  can  be  approxi¬ 
mated  by  their  nonrelatlvlstlc  Chlld-Langmuir  values.  The  electron  space 
charge  density,  the  net  Jectrlc  field  within  the  diode  E(z)net,  and  the 
applied  electric  field  E.  are  then  given  by 

vt 

en(z)  -  Vo  do2  (“)  (67) 
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(68) 


(01 


and 


£,<*>!  ■  Vdo 


(69) 


where  VQ  Is  the  magnitude  of  the  applied  voltage.  The  average  radial 
space-charge  field  Is  therefore 


3  9„ 

0  0 


2d, 


*  0 


(70) 


If  the  current  flow  In  a  high-aspect-ratio,  planar  diode  is  closely  approx¬ 
imated  by  the  infinite  planar  Chlld-Langmuir  value,  the  radial  component 
to  the  space-charge  field  must  be  negligible. 

The  lack  of  an  outward  space-charge  force  to  balance  the  inward 
directed  magnetic  force  in  a  planar  diode  will  result  In  the  convergence 
of  the  electron  beam  If  the  voltage  and  current  exceed  some  level.  Assum¬ 
ing  the  current  I  to  be  uniformly  distributed  over  the  cross  section,  the 
magnetic  field  at  a  radius  r  within  the  electron  beam  is  given  by 


Be(r) 


%  lr 

2  irri 

0 


(71) 


Since  the  radial  self-magnetic  force  increases  linearly  with  radius,  the 
most  extreme  convergence  will  occur  for  the  outermost  electrons. 

As  shown  In  figure  20,  an  electron  emitted  from  the  edge  uf  the 
cathode  will  be  accelerated  in  crossed  electric  and  magnetic  fields.  If 
the  fields  at  the  periphery  of  the  beam  can  be  approximated  as  being 
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static,  uniform,  and  perpendicular,  the  resulting  electron  motion  is 
cycloidal,  i.e.,  a  combination  of  circular  motion  and  uniform  translation, 
ince  typical  acceleration  voltages  are  of  the  order  of  10s  volts,  rela¬ 
tivistic  effects  must  be  considered.  A  Lorentz  transformation  to  a  coordi¬ 
nate  system  moving  with  a  velocity  u  *  E  x  B/B2  with  respect  to  the  original 
reference  frame  simplifies  the  problem  (Ref.  56).  The  Lorentz  force  equa¬ 
tion  for  the  electron  in  the  moving  frame  is  then 

=  e(E*  +  v'  x  B')  (72) 

dt 

where  the  primed  variables  are  referred  to  the  moving  coordinate  system. 

The  fields  E'  and  B'  are  given  by 

E»  *  Eh  B„  *  S n 

E^  ■  y(Ea  +  u  x  b)  =  y(B^  -  u  x  e)  (73) 

Inserting  the  choice  for  u  in  equation  (73)  yields 
E.;  »  0  B,’,  *  0 


In  the  moving  frame  the  only  field  acting  is  a  static  magnetic  field  B, 
which  points  In  the  same  direction  as  B,  but  is  weaker  than  B  by  a  factor 
of  y*‘.  The  motion  In  this  frame  Is  a  spiraling  around  the  lines  of  force. 
The  gyration  frequency  Is  given  by 


(75) 
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As  viewed  from  tht  laboratory  frame,  this  gyration  Is  accompanied  by  a  uni¬ 
form  translation  perpendicular  to  C  and  8  at  a  speed  E/B,  Since  the  circle 
of  gyration  turns  with  an  angular  velocity  wg  and  "rolls"  with  a  speed  E/B, 
the  radius  of  the  circle  of  gyration  Is 


wbB  \  e/  8* 


where  y*  ■  c,BV(c,B*-E1).  For  the  case  of  zero  Initial  velocity,  the 
resulting  trajectory  Is  shown  In  figure  21.  The  equations  for  this  trajec¬ 


tory  are 


r  •  rB(uBt  -  sin  nijt) 


z  «  r. 


To  estimate  the  limiting  criterion  for  axial  flow  In  the  diode,  con¬ 
sider  the  case  for  which  2r^  Is  equal  to  the  diode  separation  dQ, 


v ■©•(;)' 


The  self-magnetic  field  at  the  edge  of  the  cathode  Is  given  by 


where  Ir  Is  the  critical  current  required  to  produce  a  grazing  trajectory. 
Substitute  this  value  for  B0  Into  equation  (78)  yields 


rfeaH)" 

-«•  m 
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Figure  20.  Field  Configuration  within  Diode  Prior  to  Pinch 
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Figure  21.  Pinch  Trajectory  of  Peripheral  Electron  with  Zero 

Initial  Velocity 
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Neglecting  the  feet  that  the  applied  electric  field  Is  modified  by  the 
space  charge  of  the  accelerated  electrons ,  the  electric  field  In  the 
diode  can  be  approximated  by  E  -  V0/dQ.  Equation  (80)  then  becomes 


With  further  manipulation 


(81) 


(82) 


When  t  ■  n/vAig,  the  equation  for  the  radial  component  of  the  trajec¬ 
tory  reduces  to 


r  .  L  .  ,  (&)  — £iL_ 

\e/  c'B1  -  E2  (83) 

Inserting  the  value  of  the  magnetic  field  at  critical  current  yields 

L"-d.  (84) 

2  ° 

The  magnetic  field  within  the  diode  varies  linearly  with  the  radius. 
Since  the  above  derivation  of  the  critical  current  Is  based  on  an  assump¬ 
tion  of  uniform  magnetic  field  along  the  path  from  cathode  to  anode,  the 
aspect  ratio  (r0/d0)  of  the  diode  must  be  large  compared  to  tt/2  for  the 
derivation  to  remain  valid. 
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The  final  limitation  to  this  derivation  Is  the  assumption  of  a  uni¬ 
form  electric  field.  The  resulting  error  can  be  estimated  by  noting 
that  the  electron  flow  within  the  diode  prior  to  attaining  a  critical 
value  Is  space-charge  limited.  Under  these  conditions,  the  field  within 
the  diode  can  be  more  closely  approximated  by  the  nonrelativistic  Chlld- 
Langmuir  relation 


E(z) 


(85) 


The  error  between  the  "actual"  and  the  average  fields  exceeds  35  percent 
only  for  Z  <  0.125  d0. 

An  enhanced  appreciation  of  the  diode  "pinching"  criterion  results 
If  the  critical  current  relation  is  rewritten  in  terms  of  a  useful  dimen¬ 
sionless  variable  (Ref.  57),  The  constants  preceedlng  the  relativistic 
terms  In  equation  (82)  correspond  to  an  "ideal"  current  which  Is  defined 
as  that  current  produced  by  unit  charges  aligned  with  a  linear  density 
of  one  per  "classical"  electron  radius  and  moving  at  the  speed  of  light. 
The  resulting  ideal  current  Is  given  by 


I 
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(86) 


The  dimensionless  variable  v  is  then  defined  as 

v  -  I/(iob)  (87) 

Using  these  relations,  equation  (82)  then  becomes 
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V 


Y 


critical 


(88) 


If  the  v/y  of  the  accelerated  electron  stream  exceeds  one  half  the  diode 
aspect  ratio,  axial  electron  flow  at  the  beom  periphery  is  impossible 
and  beam  convergence  will  occur. 

The  limiting  current  criterion  given  by  equation  (82)  was  first 
derived  heuristically  by  Friedlander  et  al.  by  setting  the  electron 
gyromagnetic  radius  In  the  self-magnetic  field  at  the  diode  periphery 
equal  to  the  diode  separation.  Although  the  derivation  given  above  is 
physically  more  reasonable  and  provides  more  detail,  the  Friedlander 
approach  has  the  distinct  advantage  of  simplicity. 

8.  PARAPOTENTIAL  FLOW 

When  the  diode  current  Is  greater  than  its  critical  value,  the 
electron  flow  Is  dominated  by  the  self-magnetic  field  and  Is  distinguished 
by  a  severe  convergence  of  the  electron  beam  within  the  diode.  Although 
limited,  the  present  theoretical  understanding  of  crossed-fleld  electron 
flow  Is  based  on  the  parapotential  model  advanced  independently  by  D.  C. 
dePackh  (Ref.  58)  and  Friedlander  et  al.  (Ref.  15).  This  description  of 
electron  flow  Is  predicated  on  the  assumed  existence  of  a  class  of 
force-free  electron  trajectories  in  the  diode. 

The  assumption  of  force-free  electron  motion  has  been  justified  by 
the  following  argument.  Electron  flow  in  excess  of  the  critical  current 
reduces  the  gyroradius  of  electrons  emitted  from  the  cathode  perimeter 
to  less  than  the  diode  separation.  These  electrons  must  therefore  drift 
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toward  the  diode  axis  with  an  Initial  average  velocity  of  E/B  »  5  x  10* 

( VQ/I ) (r0/d0)  cm/sec.  The  resultant  accumulation  of  space-charge  reduces 
the  axial  electric  field  adjacent  to  the  central  portion  of  the  cathode, 
and  thus  suppresses  electron  emission  In  this  region.  The  Instantaneous 
equl potential  distribution  Is  distorted  by  the  excess  space  charge  and 
can  be  approximated  by  that  shown  In  figure  22.  With  the  net  electric 
field  at  Interior  radii  reduced,  the  predominant  electron  emission  must 
originate  at  the  cathode  periphery.  Moreover,  the  distorted  equlpotentlal 
distribution  represents  an  electrostatic  field  configured  to  oppose  the 
Inward-directed  self-magnetic  force.  Space-charge  accumulation  must 
continue  until  the  net  force  acting  on  the  electrons  Is  reduced  to  zero. 
Electrons  emitted  from  the  cathode  edge  will  then  exhibit  force-free 
motion  and  drift  along  equlpotentlal  lines  until  they  reach  a  region 
slightly  in  front  of  the  anode.  In  this  region  parapotentlal  flow  will 
cease  and  the  electrons  must  accelerate  across  the  equlpotentlal s  to 
reach  the  anode. 

By  assuming  azimuthal ly-symmetrlc  parapotentlal  flow,  de  Packh  derived 
the  following  fundamental  equation  for  steady-state  electron  flow: 

7*  V  •  (2/r*)  dlVd*  V  (89) 

where  r  Is  the  radial  cylindrical  coordinate,  V  •  V(r,z)  is  the  potential, 
and  I  ■  I(r,z)  Is  the  total  current  flowing  within  radius  r  through  a 
plane  of  constant  z.  Using  the  nunciature  shown  In  figure  22,  solution 
of  this  equation  yields 
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Figure  22.  Model  for  Parapotentlel  Flow 
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where  Ym  'Is  the  relativistic  factor  associated  with  electron  motion  along 
the  outer  flow  line  effl.  The  Interior  flow  line  Is  8  ■  6.  To  satisfy  the 
conditions  for  this  solution,  an  axial  bias  current  Ifa  must  flow  within 
the  minimum  flow  line  0  ■  6.  The  requirement  for  a  bias  current  Is 
derived  from  the  fact  that  the  current  distribution  Is  not  specified  at 
the  electrode  surfaces.  As  a  result,  one  of  the  three  parameters  y  , 
em,  or  1^  must  remain  undetermined.  By  specifying  one  of  these,  the 
other  two  can  be  determined.  A  choice  of  minimum  bias  current  corresponds 
to  electron  flow  along  all  equl potentials. 

Creedon  (Ref.  59)  has  simplified  the  problem  by  assuming  an  Idealized 
equlpotentlal  distribution  consisting  of  concentric  cones  converging  to 
a  point  on  axis  at  the  anode.  With  ihls  assumption,  the  variables  6, 

8m,  and  Ym  become 

tan  6  ■  -£ 
do 

em  “  n/2 

“  T0  “  1  +  eVQ/m0  c*  (91) 

Equation  (90)  then  reduces  to 


This  solution  corresponds  to  a  choice  of  minimum  bias  current.  Since 
the  Interior  flow  line  is  aligned  with  the  cathode  perimeter,  edge  or 
shank  emission  Is  required  to  populate  the  exterior  equi potentials. 
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Although  this  simplification  Is  expected  to  be  reasonable  over  most  of  the 
diode  volume,  the  situation  at  the  point  of  convergence  Is  physically 
unrealistic.  The  electrons  can  not  continue  to  drift  force-free  along 
the  equl potentials  until  they  reach  the  anode. 
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SECTION  III 


SURVEY  OF  PREVIOUS  LOW- RE SI  STANCE  DIODE  STUDIES 
1.  INITIAL  DIODE  STUDIES 

The  Initial  Investigations  of  low- resistance  diode  behavior  were 
accomplished  by  several  groups,  concurrent  with  their  development  of  low- 
impedance  accelerators.  Since  the  primary  objective  of  these  studies 
was  to  quickly  derive  a  functional  diode  design  to  match  the  charac¬ 
teristics  of  a  particular  accelerator,  the  results  were  limited  to  an 
empirical  determination  of  the  diode  resistance  as  a  function  of  such 
parameters  as  the  diode  configuration,  the  anode-cathode  separation,  and 
the  cathode  diameter.  Because  of  the  limited  scope  of  these  studies, 
Interpretations  of  the  resultant  data  yielded  very  qualitative,  and  some¬ 
times  contradictory,  descriptions  of  low-resistance  diode  phenomenology. 

A  more  quantitative  comparison  of  data  was  made  difficult  by  the 
diversity  In  the  design  of  the  various  dln-U:  fixations,  the  varied 

characteristics  of  the  different  accelerators,  and  the  qualitative  nature 
of  the  Initial  measurements.  Before  discording  the  results  of  these 
Initial  studies,  several  of  the  distinctive  features  which  differentiate 
the  Individual  experiments  should  bo  considered.  First,  the  details  of 
the  cathode  designs  varied  widely,  even  though  the  basic  diode  configura¬ 
tions  were  similar,  l.e.,  right-cylindrical  cathodes  opposite  a  planar 
anode.  Where  the  group  at  Physics  International  used  a  dense  cluster  of 
600  stainless  steel  needles,  a  20-pin  array  was  used  at  Ion  Physics. 
Following  the  suggestions  of  J.  C.  Martin  of  the  AWRE,  the  Cornell  group 
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used  a  metal-dielectric  "plasma"  cathode,  formed  by  filling  holes  drilled 
In  the  face  of  a  brass  disk  with  either  epoxy  or  plastic.  To  add  to  the 
variety.  Ion  Physics  also  used  a  graphite  cathode,  while  the  group  at 
the  Naval  Research  Laboratory  settled  on  a  spiral -grooved,  aluminum- 
coated  stainless  steel  design.  The  sintered  tungsten  cathode  used  at 
EG&G  should  also  be  mentioned. 

Most  of  these  cathode  designs  were  expected  to  behave  in  basically 
the  same  manner.  Nevertheless,  each  design  had  a  particular  feature 
which  was  Intended  to  enhance  some  aspect  of  Its  performance.  All  cathode 
designs  were  observed  to  require  some  time  delay  before  the  resistance 
reached  Its  characteristic  value.  The  "plasma"  cathode  was  designed  to 
minimize  this  delay.  Similarly,  polished  metal  surfaces  were  observed 
to  produce  spotty  emission  patterns.  To  avoid  this  iifflculty,  the  multi¬ 
needle  cathodes  were  expected  to  localize  the  emission  to  the  region  of 
the  needle  points.  In  contrast,  the  graphite,  sintered  tungsten,  and 
aluminum-coated  stainless  steel  designs  were  Intended  to  provide  uniform 
emission  from  the  entire  cathode  face. 

The  observed  diode  behavior  was  also  affected  by  variations  In  the 
design  of  the  cathode  shank  region.  The  need  to  minimize  series  Induc¬ 
tance  In  a  low-impedance  accelerator  places  a  premium  on  the  Interelec¬ 
trode  spacing  which  can  be  tolerated  between  that  portion  of  the  center 
electrode  Immediately  behind  the  cathode  face,  and  the  metal  which  forms 
the  ground  contour.  Minimal  Interelectrode  spacing  produces  comparatively 
high  electric  fields  along  the  cathode  shank,  which  In  turn  can  result  In 
substantial  electron  emission  from  the  shank  region.  The  total  electron 
flow  therefore  consists  of  contributions  from  the  cathode  face,  edge,  and 
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shank.  Since  the  flow  characteristics  from  these  .'egions  are  quite 
different  (see  equations  (57)  and  (58)),  the  observed  diode  behavior  is 
partially  determined  by  the  fraction  of  the  total  flow  which  originates 
from  each  region. 

The  presence  of  a  prepulse  in  some  accelerations  further  complicates 
comparisons  of  diode  behavior.  In  all  pulse-charged  accelerators,  the 
voltage  pulse  used  to  charge  the  fast  energy- storage  network  Is  capacl- 
tlvely  coupled  to  the  diode  by  the  low- Inductance  switch.  A  prepulse 
voltage  Is  thereby  developed  across  the  diode  prior  to  the  application 
of  the  main  accelerating  pulse.  The  relative  magnitude  of  the  prepulse 
has  varied  widely  from  one  accelerator  to  another.  While  the  Nereus 
accelerator  developed  at  the  Sandla  Laboratories  generates  a  prepulse, 
the  magnitude  of  which  Is  less  than  1  percent  of  the  pulse-charging 
voltage;  the  Gamble  II  accelerator  at  the  NRL  had  a  prepulse  of  approxi¬ 
mately  15  percent.  Although  some  groups  worked  to  minimize  the  prepulse 
to  avoid  preconditioning  or  pre-lonlzlng  the  diode,  others  considered 
the  presence  of  some  prepulse  to  be  useful  In  achieving  rapid  electron 
emission  from  the  cathode.  Unfortunately,  the  precise  nature  of  the  pre¬ 
conditioning  was  unknown,  and  the  effects  of  the  prepulse  could  not  be 
anticipated  with  any  precision. 

Having  begun  the  diode  studies,  one  of  the  first  observations  was 
the  decrease  of  the  diode  resistance  with  time.  Some  delay,  on  the  order 
of  10  nanoseconds,  was  required  before  the  diode  reached  Its  “steady"  or 
characteristic  value.  Furthermore,  if  the  pulse  length  was  too  long  or 
the  gap  spacing  too  short,  the  diode  would  transition  to  a  short  circuit 
before  the  completion  of  the  pulse.  To  circumvent  the  resistance 
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variation  In  time,  the  behavior  of  a  specific  diode  configuration  was 
characterized  by  Its  resistance  at  the  Instant  of  maximum  current. 
Selection  of  that  Instant  was  advantageous  since  the  Instantaneous  time 
derivative  of  the  diode  current  Is  zero.  Hence,  the  Inductive  component 
of  the  measured  voltage  signal  vanishes,  and  the  magnitude  of  the 
uncorrected  signal  corresponds  to  the  resistive  voltage  developed  across 
the  diode.  Using  this  approach,  diode  resistance  data  were  comlled  for 
several  cathode  types  as  a  function  of  cathode  radius,  diode  separation, 
and  magnitude  of  the  applied  voltage  pulse. 

G.  Yonas  and  P.  Spence  reported  the  results  of  one  of  the  first  of 
these  studies  (Ref.  16).  The  authors  used  a  modified  Model  730  Pulserad 
accelerator  to  Investigate  the  response  of  a  6.35-cm  diameter,  multi¬ 
needle  cathode  located  from  2  to  10  mm  from  a  thin  (1/2  mil)  aluminized 
Mylar  anode  To  facilitate  the  generation  of  low-impedance  ueams,  the 
50-ohm  Blumleln  of  the  Model  730  Pulserad  had  been  replaced  by  an  8.5-ohm 
coaxial  transmission  line.  This  combination  of  diode  and  pulse-forming 
line  exhibited  the  following  rmqe  of  beam  characteristics:  accelerating 
voltage  at  peak  current,  170  kV  ^  V  -  400  kV;  peak  current  140  kA  -  Imax 
200  kA;  and  pulse  width  (FWHM),  50  nsec. 

In  spite  of  the  fact  that  tne  peak  current  was  slightly  in  excess  of 
the  critical  current,  and  the  existence  of  strong  experimental  evidence 
that  the  beam  has  pinched  at  the  anode,  Yonas  and  Spence  reported  that 
the  variation  of  diode  resistance  with  electrode  separation  was  well 
approximated  by  the  Chlld-Langmuir  relation  for  space-charge-limited  flow 
In  an  infinite  planar  diode.  Their  data  were  compared  with  the  Chlld- 
Langmuir  equation  written  in  the  following  form 
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where  R  It  tht  diode  rtiitttnct  (ohms )  •  and  dQ  ind  rQ  irt,  respectively, 
the  dlodt  separation  and  tht  cithodt  rtdlut,  If  tht  applied  voltage  V 
Is  given  In  megavolts*  tht  thtorttlctl  vtlut  of  tht  proportionality  con- 
stint  c  Is  136.  Yonis  ind  Spence,  however,  found  that  a  host  fit  to 
thtlr  diti  could  bt  obtained  by  setting  the  Chlld-Langmulr  constant  equal 
to  115. 

Many  other  groups  also  found  the  resistance  of  high-aspect  ratio 
(r0/d0  »  1)  diodes  to  scale  quadratlcally  with  the  reciprocal  of  the 
aspect  ratio,  and  to  be  In  qualitative  agreement  with  the  predictions  of 
the  Chi Id -Langmuir  relation.  A  summary  of  these  results  Is  shown  In 
table  IV  which  presents  reported  values  for  the  Chlld-Langmulr  constant. 
Note  that  a  rather  wide  range  of  values  for  the  constant  have  been 
observed. 


Table  IV 

OBSERVED  VALUES  FOR  THE  CHILD- LANGMUIR  CONSTANT 


Lahore torv 

C-L  Constant 

Cathode  Type 

Physics 

International 

115 

Multi-Needle 

Array 

EG&G 

40 

Sintered 

Tungsten 

AWRE 

70 

Plasma 

Cornel  1 

80 

Plasma 

Sand  la 

43-170 

Several  Types 

Two  axcaptlons  to  this  general  consantut  hava  botn  rtporttd,  Using 
the  Gamble  U  accelerator  it  tht  Nivil  Research  Liboritory,  J,  Block 
•t  i1«  (Ref,  19)  found  i  vtry  nonlinear  variation  of  tht  resistance  with 
dlodt  separation,  At  rtlatlvtly  large  separations,  tht  dlodt  redistance 
followtd  tht  Chlld-langmulr  predictions.  As  tht  stpirttlon  was  decreased, 
however,  •  point  was  rtachtd  btyond  which  the  resistance  fell  quite 
rapidly.  To  Illustrate  this  behavior ,  the  authors  stated  that  while 
using  a  6, 35- cm  diameter,  spiral -grooved  cathode,  a  decrease  In  spacing 
from  0.85  cm  to  0,80  cm  lowered  the  diode  resistance  from  approximately 
2  ohms  to  a  few  tenths  of  an  ohm.  Since  this  same  effect  could  also  be 
achieved  oy  slightly  Increasing  the  driving  voltage,  they  concluded  that 
the  observed  nonlinearity  must  be  the  result  of  some  unspecified  field 
effect. 

The  second  contrasting  observation  was  reported  by  S.  E,  Grayblll 
et  al.  (Ref.  60).  Using  the  Van  de  Qraaff-charged  FX-1  and  FX-25 
accelerators  mlsmatached  Into  low- resistance  diodes,  the  authors  observed 
a  linear  dependence  of  the  diode  resistance  on  the  ratio  (d0/rQ) .  Gray¬ 
blll  notes  that  this  result  Is  In  agreement  with  the  predictions  of  para- 
potential  flow  and  disagrees  with  the  Chlld-Langmuir  law.  Reported  data 
Indicate  the  use  of  two  sizes  of  graphite  cathode  (1.7  cm  and  5.1  cm 
diameter)  and  diode  separations  ranging  from  0.6  cm  to  1.5  cm.  This  disa¬ 
greement  can  not  be  completely  explained  by  arguing  that  the  observed 
currents  either  approached  or  slightly  exceeded  the  self-pinching  cri¬ 
terion  because  the  same  condition  held  in  the  other  experiments.  There¬ 
fore,  the  significant  difference  may  lie  In  the  fact  that  the  aspect 
ratios  of  the  diodes  used  In  the  latter  experiments  were  on  the  order  of 
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or  Ion  than  unity,  while  thoio  uiod  In  the  former  wort  generally  much 
grot tor  thon  one, 

Thoio  dlieroponeloi  ond  tho  wide  rongo  of  obitrved  values  for  tho 
Chlld-tangmulr  comtont  llluitroto  tho  complication  which  roiuHt  from 
tho  existence  of  many  portlolly  undoritood  phonomoni  which  dotormlno  tho 
dlodo  behavior,  Thlt  lock  of  Information,  whon  combined  with  tho  recogni¬ 
tion  that  tho  propagation  charactorlitlci  of  tho  electron  boom  In  a  drift 
chamber  are  critically  dependent  on  tho  phenomena  occurlng  within  tho 
diode,  aorvod  ai  the  itlmului  for  more  extensive  examination*  of  low- 
reilstance  diode  behavior, 

A  more  detailed  Invoitlgatlon  of  tho  operational  charactorlitlci  of 
a  low- roil  stance  diode  wai  Initiated  at  Cornell  University  In  conjunction 
with  their  development  of  a  pulse-charged  accelerator  driven  by  either  of 
two  low-impedance  (1.75  ohm  and  2,0  ohm)  Mylar  Blumlelns.  This  accelera¬ 
tor  was  capable  of  producing  electron  currents  of  from  30  to  100  kA  at 
kinetic  energies  ranging  from  200  to  500  keV,  with  a  pulse  duration  of 
SO  nanoseconds,  Using  this  device,  J.  Clark  and  S.  Llnke  (Ref,  17) 
extended  the  results  of  these  early  studies  by  considering  the  current 
density  distribution  and  the  electron  trajectories  at  the  anode  plane  In 
conjunction  with  an  analysis  of  the  scaling  of  diode  resl stance  with  gap 
spacing.  As  shown  In  figure  23,  their  results  support  the  original  con¬ 
sensus  of  spsce-charge-llmlted  flow.  To  match  this  data,  the  Chlld- 
Langmulr  constant  had  to  be  set  equal  to  80. 

In  figure  23,  two  sets  of  data  stand  out  as  notable  exceptions  to  the 
correlation  with  the  Chlld-tangmulr  law.  Further  consideration  revealed 
that,  unlike  the  other  data  points,  the  maximum  current  which  characterized 
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these  ihoti  was  Approaching  or  In  excess  of  the  critical  current  given 
by  the  self-pinching  criterion  (see  equation  (82)),  Since  current  flow 
In  excess  of  the  critical  value  results  In  beam  convergence  within  the 
diode,  the  observed  Increase  In  diode  resistance  was  attributed  to  beam 
pinching,  Careful  examination  of  the  available  data  showed  that  the  on¬ 
set  of  pinching  seemed  to  occur  when  the  diode  current  exceeded  80  percent 
of  the  critical  value,  As  shown  In  figure  23,  current  flow  In  excess  of 
0,8  Icrmc4i  bad  essentially  the  same  resistive  characteristics, 

To  substantiate  this  Interpretation,  streak  and  framing  camera  photo¬ 
graphs  of  the  optical  emission  from  specially  designed  anode  structures 
which  contained  a  plastic  scintillator  were  taken  to  assess  the  current 
density  distribution  at  the  anode  plane.  Further  information  concerning 
the  current  density  distribution  was  obtained  from  an  analysis  of  radio¬ 
graphs  of  the  X-ray  emissions  from  the  anode  and  distributed  calorimeter 
measurements.  Examination  of  this  Information  revealed  that  diode  pinch¬ 
ing  did  Indeed  occur  for  measured  values  of  v/y  above  0.82  (r0/2dQ), 

Recall  from  the  earlier  derivation  of  the  self-pinching  criterion  that 
beam  convergence  Is  expected  within  the  diode  when  o/y  exceeds  one  half 
the  diode  aspect  ratio,  For  the  case  of  current  flow  less  than  0.82 
(r0/2d0),  the  radiographs  of  the  current  density  distribution  at  the  anode 
showed  the  honeycomb  emission  pattern  expected  from  the  "plasma"  cathode 
design.  S1r.ce  this  pattern  has  been  maintained  throughout  the  transit 
across  the  gap,  the  electron  flow  had  to  have  been  predominantly  paraxial 
or  laminar  as  required  by  the  assumption  of  space  charge  limitation. 

The  self-pinching  criterion  was  further  substantiated  by  an  experiment 
performed  by  G.  loda  and  P.  Spence  (Ref.  18)  In  which  they  quantitatively 
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measured  the  time-resolved  current  density  distribution  at  the  anode 
plane.  For  this  experiment,  Loda  and  Spence  used  the  100  kV  Mylar  strip- 
line  accelerator  developed  at  Physics  International.  The  accelerator, 
which  consists  of  two  parallel,  0.6-ohm  Blumlelns  driving  a  variable 
resistance  diode,  produced  a  300  kA  pulse  of  100  keV  electrons  with  a 
pulse  duration  (FWHM)  of  40  nanoseconds.  To  measure  the  current  density, 
a  series  of  shots  were  taken  Into  an  aperatured  Faraday  cup  mounted  on 
the  anode  plane.  The  final  values  for  the  current  density  shown  In  figure 
24  were  then  obtained  by  normalizing  each  measurement  to  a  fixed  total 
current.  The  graph  In  figure  25  presents  the  critical  current  and  the 
total  diode  current  as  a  function  of  time.  As  required  by  the  self- 
pinching  criterion,  the  current  density  at  the  anode  was  shifted  toward 
the  diode  axis  when  the  diode  current  exceeded  the  critical  current. 

Evidence  of  the  preconditioning  which  results  from  the  presence  of 
a  prepulse  can  be  seen  by  contrasting  the  time  resolved  resistance  measure¬ 
ments  of  5.  E.  Grayblll  et  al.  (Ref.  60)  with  those  of  G.  Yonas  et  al . 

(Ref.  16),  and  J.  Block  et  al.  (Ref.  19).  The  direct-current-charged, 

FX  series  accelerators  used  by  Grayblll  did  not  have  prepulse,  while  the 
pulse-charged  Pulserad  and  Gamble  II  accelerators  used  respectively  by 
Yonas  et  al.  and  Block  et  al.  did.  The  modified  Pulserad  Incorporated  a 
prepulse  switch  In  the  diode  design  to  minimize  emission  from  the  cathode 
before  the  transmission  line  was  switched  Into  the  diode.  The  G-4  diode 
structure  used  on  the  Gamble  II  did  not.  The  unspecified  prepulse  from 
from  the  Tulserad  would  therefore  be  expected  to  be  less  than  the  15 
percent  prepulse  generated  by  the  Gamble  II. 
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Comparing  the  time-resolved  voltage  and  current  pulses  presented  by 
the  investigators,  the  diode  resistance  in  the  Pulserad  end  Gamble  II 
accelerators  was  found  to  be  finite  at  the  beginning  of  the  voltage  pulse, 

1. e. ,  measurable  electron  flow  occurred  simultaneously  with  the  Initial 
rise  of  the  voltage  pulse.  The  Initial  resistance  of  the  unconditioned 
diode  In  the  FX-25  accelerator  however,  was  Infinite.  A  7-  to  10-nano¬ 
second  formative  time  period  was  required  before  the  diode  reached  Its 
steady  value.  Having  compared  cathode  types,  Grayblll  et  al.  found  that 
the  graphite  cathodes  exhibited  a  shorter  formative  time  period  than  did 
cathodes  of  aluminum,  brass,  or  stainless  steel.  After  the  first  several 
nanoseconds,  all  Investigators  observed  a  steady  decrease  In  resistance 
with  time. 

2.  PLASMA  PHENOMENA  IN  THE  DIODE 

Contemporaneous  with  the  Initial  experimental  Investigations  of  low- 
resistance  diode  behavior  was  an  Interesting  series  of  studies  which 
attempted  to  use  numerical  codes  to  extend  the  analysis  of  point-to-plane 
diodes  to  the  planar  geometry  required  for  high-current  flow.  The  present 
Interest  in  these  studies  Is  not  related  to  their  attempted  extension  to 
planar  geometries,  but  rather  Is  centered  on  certain  coincidental  observa¬ 
tions  regarding  plasma  phenomena  In  high-resistance  diodes.  At  the  begln- 
Ing  of  the  study  by  Frledlander  et  al.  (ref.  15)  the  analysis  of  a  high- 
resistance,  needle-to-plane  diode  was  undertaken  to  establish  the  validity 
of  possible  models  for  the  emitter  surface.  The  needle-to-plane  diode 
used  In  the  FX  series  accelerators  was  chosen  because  a  considerable  amount 
of  data  was  available  for  this  configuration.  The  diode  analyzed  consisted 
of  a  1/8- Inch-diameter  cylindrical  cathode  rod  terminated  by  a  l/16-1nch 
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radius  hemispherical  tip.  The  cathode  was  positioned  2.7  cm  from  a 
planar  anode.  Having  been  given  the  experimental  values  for  the  voltage 
and  current  (at  the  Instant  of  maximum  current)  as  well  as  the  time- 
integrated  current  density  distribution  at  the  anode,  the  Varlan  developed 
computer  program  was  then  used  to  compute  the  electron  beam  transit  across 
the  diode.  In  an  attempt  to  match  the  observed  diode  characteristics, 
the  geometry  of  the  cathode  emission  surface  and  the  percentage  of  space- 
charge  neutralization  were  varied.  Comparison  with  the  calculated  tra¬ 
jectory  plots  lead  to  the  following  conclusions  concerning  the  cathode 
emission  characteristics:  (1)  the  cathode  exhibited  substantial  emission 
from  the  cylindrical  portion  of  the  rod  (shank  emission);  (2)  the  effec¬ 
tive  cathode  radius  was  appreciably  larger  than  the  physical  radius;  and 
(3)  In  all  probability  there  was  some  degree  of  space-charge  neutraliza¬ 
tion  In  the  diode. 

To  explain  the  apparent  cathode  enlargement,  the  authors  argued  that 
the  average  field  at  the  cathode  tip  (1.6  x  107  V/cm)  was  more  than 
sufficient  to  cause  the  destruction  of  any  cathode  whiskers.  With  the 
current  densities  Involved  such  breakdown  should  occur  within  a  few  nano¬ 
seconds.  They  then  proposed  that  the  source  or  electron  emission  through¬ 
out  the  remainder  of  the  pulse  be  emission  from  a  dense  plasma  cloud  close 
to  the  surface  of  the  emitter.  In  this  case,  the  current  density  must  be 
determined  by  the  space-charge  limitation  within  the  diode,  and  not  by  the 
field  emission  process.  The  Increased  effective  cathode  size  was  there¬ 
fore  argued  to  result  from  an  expansion  of  the  plasma  produced  at  the  tip 
of  the  cathode.  Such  a  plasma  would  not  only  Increase  the  effective 
cathode  radius,  but  also  reduce  the  anode  cathode  separation. 
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In  an  addendum  to  a  similar  computer  study,  J.  Uglam  et  al .  (Refs.  61,  78) 
describes  the  results  of  two  experiments  which  were  performed  to  determine 
the  spatial  extent  and  time  history  of  the  cathode  plasma  predicted  by 
Frledlander  et  al.  For  these  measurements,  the  FX-25  accelerator  was 

J 

fitted  wltn  a  1/8-1 nch-dlameter,  sharpened,  stainless-steel  cathode  posi¬ 
tioned  1  cm  from  a  carbon  anode.  A  O^S-mecer  Jarrel-Ash  monochrometer, 
modified  for  spectrographlc  use,  was  aligned  to  spectrally  resolve  the 
spatial  variation  of  visible  and  near  ultraviolet  from  a  narrow  region 
extending  from  anode  to  cathode.  At  a  residual  pressure  of  3  x  10“5  torr, 
the  time- Integrated  spectrogram  showed  a  strong  continuum  emission  from 
the  cathode.  The  anode  was  also  seen  to  emit  a  continuum,  but  less 
strongly,  while  the  gap  emitted  a  large  number  of  spectral  lines.  Simi¬ 
lar  results  were  obtained  after  replacing  the  stainless-steel  cathode  by 
first  a  carbon  cathode,  and  then  an  aluminum  cathode.  In  each  case,  the 
only  recorded  spectral  lines  corresponded  to  the  neutral  spectra  of  the 
cathode  material . 

To  assess  the  time  response  of  the  cathode  emission,  a  0.5-meter 
Jarrel-Asn  monochrometer  equipped  with  an  Amperex  XP  1003  S-20  photo¬ 
multiplier  was  focused  approximately  1  mm  off  the  cathode  tip.  The  re¬ 
sults  Indicated  that  a  tenuous  plasma  formed  quite  quickly.  Both  cathode 
material  and  residual  gas  species  were  observed  In  the  plasma,  but  the 
cathode  material  was  the  dominant  contribution.  These  results  are  In 
complete  agreement  with  the  Frledlander  assumption  of  whisker  explosion, 
and  subsequent  electron  emission  from  a  plasma  cloud  adjacent  to  the 
cathode  surface.  The  study  did  not,  however,  show  the  existence  of  any 
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residual  gas  Ions  In  the  diode  gap  which  could  have  resulted  In  space- 
charge  neutralization. 

Further  evidence  of  plasma  motion  In  the  diode  was  reported  by  Loda 
and  Spence  (Ref.  18).  During  the  Initial  characterization  of  the  elec¬ 
tron  beam  from  the  Physics  International  100-kV  tyylar  strlpllne  accelera¬ 
tor,  they  found  that  the  diode  resistance  decreased  very  rapidly  with 
time.  The  diodes  In  this  case  were  formed  by  broad-area  (2.5  to  7.0  cm 
diameter)*  multi-needle  cathodes  positioned  unusually  dose  (1  to  2  mm) 
to  the  stretched  alumlnlzed-tyylar  anode.  The  authors  observed  that  the 
rapid  decrease  In  diode  resistance  could  be  predicted  with  remarkable 
accuracy  If  they  assumed  space-charge-1 1ml ted  flow,  and  a  constantly 
decreasing  diode  separation.  To  Incorporate  an  electrode  surface  moving 
with  constant  velocity  v  (cm/sec),  the  Chlld-Langmulr  law  as  rewritten 
as  follow;. 

R  -  136  V*1/1  (d/r0)2  (94) 

where 

d  -  d„  -  v(t-t„)  (95) 

and  dQ  Is  the  original  diode  separation  (cm),  tQ  Is  the  plasma  formation 
time  (sec),  and  the  time  t  Is  given  In  seconds.  To  match  their  resistance 
data,  Loda  and  Spence  set  v  equal  to  1.5  x  10*  cm/sec,  and  tQ  equal  to 
10  nanoseconds. 

Postulation  of  the  formation  and  expansion  of  a  highly  conducting 
plasma  was  an  obvious  source  of  a  moving  electrode  surface.  To  meet  this 
requirement,  Loda  and  Spence  argued  that  the  high-energy-density  loading 
of  the  electron  beam  was  sufficient  to  explode  the  anode  within  about 
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10  nanoseconds.  To  obtain  a  best  fit  between  theory  and  experiment  the 
anode  plasma  was  assumed  to  expand  about  Its  midplane  at  a  velocity  of 
1.5  cm/psec.  It  should  be  noted  however,  that  the  expansion  of  the 
cathode  plasma  postulated  by  Frledlander  et  al.  and  observed  by  Uglam 
et  al.  would  have  had  the  same  effect  on  the  diode  resistance. 

3.  PARAPOTENTIAL  FLOW 

When  the  diode  current  exceeds  the  critical  current,  the  electron 
flow  within  the  diode  Is  dominated  by  Its  self-magnetic  field.  Under 
these  circumstances,  the  approximation  of  paraxial,  space-charge-llmlted 
flow  Is  no  longer  valid.  Although  the  precise  nature  of  the  subsequent, 
hlghly-convergent  flow  Is  not  yet  known,  the  only  available  theoretical 
model  Implies  a  parapotentlal  flow. 

Qualitative  support  for  certain  features  of  parapotentlal  flow  has 
been  presented  In  a  series  of  reports  by  B.  Ecker  (Refs.  62,  63,  and  64). 
In  these  reports,  Ecker  described  a  series  of  experiments  performed  on 
the  SNARK  accelerator  developed  by  Physics  International.  The  SNARK, 
which  Is  more  completely  described  In  Reference  65,  Is  formed  by  eight, 
Mylar-dielectric  Blumlelns  which  drive  a  single,  conrnon  diode.  The  SNARK 
was  deslgred  to  acral erate  a  1-MA  pulse  of  1-MeV  electrons  having  a  pulse 
duration  (FWHM)  of  60  nanoseconds.  The  diode  used  for  these  experiments 
consisted  of  an  annular,  hollow-disk  cathode  opposite  a  stretched-foil 
anode.  At  the  cathode,  the  emission  surface  was  formed  by  a  dense  cluster 
of  steel  roll  pins  Inserted  Into  the  cathode  base.  The  hole  In  the  center 
of  the  cathode  was  found  to  retard  the  resistance  collapse  which  resulted 
when  the  pinched  beam  exploded  the  anode  foil  near  the  axis.  Throughout 
these  experiments,  the  diode  separation  varied  from  3.5  mm  to  6.4  mm. 


102 


Variation  In  the  cathode  outer  radius  from  4.3  cm  to  7.3  cm  resulted  In 
aspect  ratios  which  ranged  from  7.25  to  20.8. 

Voltage  and  current  data  compiled  during  this  study  have  been  compared 
with  the  predictions  for  the  grazing  case.  Since  the  derivation  of  the 
parapotentlal  flow  model  assumed  steady  state,  Ecker  characterized  the 
diode  response  by  the  data  at  that  time  when  3 I/at  «  0,  l.e.,  IQ  *  1^. 

As  shown  In  figure  26,  the  expression  derived  for  the  grazing  case 
apparently  predicted  the  diode  resistance  with  reasonable  accuracy  over 
a  wide  range  of  voltages. 

Having  established  this  correlation,  Ecker  (Ref.  64)  then  examined 
several  of  the  assumptions  which  form  the  basis  for  the  parapotentlal 
model.  To  test  the  suppression  of  electron  emission  from  the  central 
portion  of  the  cathode  face,  the  total  emission  area  of  the  cathode  face 
was  reduced  by  removing  the  Inner  roll  pins.  The  Inner  radius  of  the 
annular  cathode  was  thus  Increased  from  3.9  cm  to  5.5  cm,  while  the  outer 
cathode  radius  and  the  radius  to  the  outer  diode  wall  (ground  contour) 
remained  fixed  at  7.3  cm  and  8.25  cm,  respectively.  Comparisons  of  the 
diode  response  for  the  two  cathodes  was  based  on  t:..*-resolved  voltage 
and  current  data  as  well  as  current  density  measurements  taken  using  a 
series  of  three  annular  Faraday  cups.  The  geometry  of  the  diode  and  the 
regions  measured  by  the  Faraday  cup  are  shown  In  figure  27. 

Although  the  area  of  the  cathode  face  had  been  reduced  by  nearly  a 
factor  of  two,  little  change  was  observed  In  either  the  time-resolved 
resistance  or  the  total  current  wave  forms.  The  current  density  measure¬ 
ment,  however,  disclosed  a  significant  difference  In  the  flow  patterns 
for  each  case.  These  measurements  verified  the  assumption  that  the 
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electron  emission  originates  predominantly  from  the  cathode  periphery 
and/or  shank.  Furthermore!  the  diode  resistance  appeared  to  be  fairly 
Insensitive  to  the  specific  structure  of  the  flow  near  the  axis. 

The  grazing  model  for  parapotentlal  flow  assumes  that  the  current 
density  distribution  at  the  anode  plane  Is  very  strongly  peaked  on  axis. 
Ecker  evaluated  this  assumption  by  considering  the  spatially  resolved 
current  measurements  obtained  from  the  annular  Faraday  cups.  The  current 
pulses  shewn  In  figure  28  correspond  to  the  original  cathode  configura¬ 
tion  (rc  ■  7.3  cm  and  r^  ■  3,9  cm).  At  best,  the  data  showed  only  quali¬ 
tative  support  for  the  assumed  current  distribution.  In  marked  contrast 
to  the  assumed  flow  structure,  significant  current  flow  was  observed  at 
large  radii  throughout  the  entire  pulse.  Moreover,  only  40  percent  of 
the  total  current  was  observed  within  the  Innermost  region.  Certain 
features  of  the  parapotentlal  flow  model  however,  were  supported  by  those 
measurements.  The  Faraday  cup  data  did  show  the  existence  of  a  strongly 
pinched  flow.  This  was  evident  from  the  fact  that  75  percent  of  the  total 
current  arrived  at  the  anode  at  radii  less  than  the  Inner  radius  of  the 
hollow  cathode.  It  would  therefore  appear  that  most  of  the  electrons  enter 
the  diode  near  the  cathode  periphery,  and  then  develop  predominantly  radial 
velocities. 

The  spatially-resolved  current  measurements  also  provided  information 
concerning  the  time  dependence  of  the  pinching  process.  Figure  28  shows 
the  collapse  velocity  of  the  pinched  flow  to  be  approximately  108  cm/sec, 
or  1  mm/nsec.  At  the  voltages  typical  of  these  accelerators,  characteris¬ 
tic  electron  velocities  are  on  the  order  of  1010  cm/sec.  Hence,  the  diode 
current  flow  does  not  change  significantly  during  an  electron  transit  time. 
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Figure  27.  Radius  Regions  of  Faraday  Cup  Measurements  Relative 
to  Cathode  Inner  and  Outer  Radii 
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Figure  28.  Currents  In  Radial  Region*  1,  2,  and  3  with  r 
cm,  r^  «  3.9  cm,  d  *  4.0  mm,  Peak  Voltage  =  500  kV 


Sine*  tht  dlsplecement  current  It  negligible  by  teverel  orders  of  imgnl- 
tude,  end  the  trenilt  time  It  short  compered  to  chenget  In  the  current 
flow*  Ecker  ergued  thet  the  pinching  process  cen  be  considered  guetl- 
stetlc,  end  thet  the  essumptlon  of  steedy-stete  It  vel Id. 


SECTION  IV 

ACCELERATOR  DESCRIPTION 


1,  INTRODUCTION 

The  electron  accelerator  used  during  the  present  study  was  obtained 
by  modifying  tht  exploding  brldgt  wire  dtvlct  which  htd  bttn  dtslgntd 
•nd  constructtd  for  tht  Air  Porct  Weapons  Ltborttory  by  tht  Field  Emis¬ 
sion  Corporitlon  In  1963.  Tht  required  modifications  conslsttd  of  revers- 
Ing  tht  systtm  polarity  and  Installing  tn  tvacuattd  dlodt  structure  to 
rtplact  tht  exploding  wire  transducer  chamber.  With  these  exceptions! 
the  system  remains  as  described  In  the  literature  (Refs.  66,  67,  and  68). 

Although  this  accelerator  has  electron  beam  characteristics  similar 
to  other  moderate  energy  accelerators  available  throughout  the  country, 

It  has  several  unique  features  which  simplified  the  task  of  quantifying 
the  phenomena  underlying  the  behavior  of  low-resistance  diodes.  Among 
these  features  are  a  common  time  base  for  all  diagnostic  channels  with  a 
precision  of  ±0.1  nanoseconds;  clean,  well -calibrated  signals  from  all 
electrical  diagnostics  In  the  diode  region;  a  pulst-to-pulse  reproduci¬ 
bility  of  +2  percent;  and  the  complete  absence  of  a  prepulse. 

2.  SUMMARY  OF  ACCELERATOR  DESIGN 

The  design  of  the  field  emission  system  Is  sufficiently  unique  to 
justify  a  brief  description.  The  basic  design  concept  of  the  system  Is 
the  paralleling  of  fifteen  synchronized,  320-kV  Marx  generators  Into  a 
common,  matched- Impedance  transmission  line.  This  approach  was  taken  to 
minimize  the  system  Inductance,  a  low-system  Inductance  being  necessary 
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for  «  fm  rlio-tlffiOi  low-lwpodineo  tourco,  A  cross -sectional  view  of 
the  tyt toivi  In  Its  original  exploding  wire  configuration  It  shown  In 
figure  19,  The  electrical  energy  It  stored  In  the  fifteen  70-ohm  puliort 
(I)  which  are  connected  In  parallel  to  the  4,7-ohm  coaxial  transmission 
line  (I  and  J),  Each  pul  ter  consists  of  a  stack  of  26  energy  storage 
modules  which  form  a  modified  Marx  circuit.  The  energy  storage  modules 
are  LC  lumped-constant  storage  llneti  fabricated  from  hlgh-dlelectrlc- 
constant  ceramic  storage  elements.  At  a  maximum  charging  voltage  of  32 
kV,  each  pulsar  delivers  a  4600-ampere,  trapexoldally  shaped  current 
pulse  at  320  kV  Into  a  matched  70-ohm  resistive  load,  The  pulse  length 
Is  60  nanoseconds  (FWHM)  and  has  a  rise-time  of  approximately  4  nano¬ 
seconds  between  the  10  percent  and  90  percent  points.  The  output  pulses 
are  transmitted  to  the  common  transmission  line  through  70-ohm  coaxial 
directive  switches  (F).  When  discharged  Into  a  matched  4.7-ohm  resistive 
load,  the  system  produces  a  70,000-ampere  current  pulse  at  320  kV.  The 
output  pulse  has  an  6-nanosecond  rise-time  and  a  55-nanosecond  (FWHM) 
duration.  The  maximum  energy  content  of  the  output  pulse  Is  approxi¬ 
mately  1  kilojoule. 

If  the  rise- time  of  the  combined  output  pulse  is  to  be  8  nanoseconds, 
the  firing  time  span  of  the  total  pulser  array  must  be  approximately  4 
nanoseconds.  To  achieve  this  degree  of  synchronization,  a  combination  of 
ultraviolet  light,  spark-gap  Illumination,  and  over-voltage  of  a  trigger 
electrode  was  required  (Ref.  68).  When  the  UV  pulser  (B)  Is  fired,  the 
energy  from  the  pulser  Is  discharged  through  the  spark  gap  In  the  UV 
trigger  source  (C),  and  then  flows  to  ground  through  the  multi -output, 
pulse-splitting  transformer  shown  in  figure  30.  The  Individual  voltage 
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Figure  29.  Cross  Section  of  the  Field  Emission 
Corporation  Pulsed-Power  System 


pul sts  from  the  transformer  are  applied  to  the  trigger  electrodes  which 
are  positioned  between  the  electrodes  of  the  stop  spark  gap  In  each 
pulser.  The  application  of  the  trigger  pulses  Is  delayed  15  nanoseconds 
relative  to  the  UV  Illumination  of  the  top  gaps.  For  normal  operation, 
the  pulsars  are  charged  to  within  10  percent  of  self-fire  for  a  given 
pressure. 

The  current  output  of  the  UV  pulser  Is  monitored  to  Initiate  the 
timing  of  the  diagnostic  circuits.  When  triggered  by  the  rise  of  the  UV 
current  pulse,  solid  state  circuits  trigger  the  data  oscilloscopes  and 
then,  after  a  variable  delay,  generate  a  fiducial  pulse  which  Is  Injected 
onto  the  trace  of  each  oscilloscope.  These  fiducial  markers  provide  a 
common  zero  time  for  all  diagnostic  channels  with  a  simultaneity  of  +0.1 

i 

nanosecond, 

3.  PULSER  CIRCUIT 

The  design  of  the  fast-energy-storage  network  used  In  the  field  emis¬ 
sion  pulsed-power  system  Is  predicated  on  the  fact  that  the  transient 
behavior  of  an  open-circuited  transmission  line  can  be  approximated  by  an 
equivalent  lumped-parameter  circuit.  Where  a  square  pulse  Is  the  output 
of  an  Ideal  distributed-parameter  line,  an  Ideal  lumped-parameter  line 
will  generate  a  trapezoidal ly  shaped  pulse.  In  contrast  to  the  more 
common  practice  of  using  distributed-parameter  pulse-fcrmlng  lines,  the 
modified  Marx  generators  used  In  this  pulsed-power  system  combine  the 
voltage  additive  feature  of  the  Marx  circuit  with  the  pulse-shaping 
characteristics  of  a  lumped-parameter  network.  Inside  the  pressurized 
pulser  case  Is  an  array  of  25  energy-storage  or  pulse-forming  modules 
(see  figure  31)  stacked  to  form  a  modified  version  of  the  basic  Marx 
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Figure  31.  A  Module  Stack 


circuit.  Like  the  normal  Marx  circuit,  the  energy-storage  modules  are 
charged  In  parallel  but  discharged  In  series  (see  figure  32)  to  achieve 
the  required  high-voltage  output.  Unlike  the  original  circuit,  the 
capacitive  elements  which  usually  form  the  Individual  stages  of  the 
generator  were  replaced  by  lumped-parameter  transmission  lines,  thus 
providing  the  pulse-shaping  capability  of  the  modified  Marx  circuit. 

The  energy- storage  modules,  the  basic  unit  of  the  modified  Marx 
generator,  contain  elements  which  determine  the  system  performance  In 
four  Important  areas:  (1)  energy  storage  capacitors;  (2)  pulse-forming 
network;  (3)  high-inductance  colls  to  provide  hold-off  Isolation  between 
the  stages  of  the  Marx  during  the  discharge  of  the  system;  and  (4)  low- 
inductance  switches  to  connect  the  Marx  In  series  for  discharge.  The 
layout  of  the  Internal  elements  of  a  module  can  be  seen  In  the  photograph 
of  a  special  module  cast  In  transparent  epoxy  shown  In  figure  33.  Energy 
storage  is  accomplished  within  the  tightly  packed,  linear  array  of  barium 
tltanate  disk  capacitors.  With  the  upper  and  lower  surfaces  of  each 
ceramic  disk  coated  with  conducting  material,  the  LC  lumped-parameter 
line  was  formed  by  connecting  the  capacitors  In  parallel  using  a  broad 
strap  to  ground  the  bottom  surfaces,  and  a  thin  wire  to  connect  the  top. 
The  section  of  wire  between  the  capacitors  provided  the  Inductance  for 
each  section  of  the  line. 

Located  at  one  end  of  the  line  are  the  high- Inductance  colls  which 
provide  connection  for  parallel  charging  of  the  module  capacitors,  and 
then  protect  the  high-voltage  power  supply  during  the  discharge  period. 

Of  the  two  electrodes  mounted  on  the  support  arms  which  extend  from  the 
other  end  of  the  module,  one  Is  connected  to  the  high-voltage  side  of 
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the  pulse-forming  network,  while  the  other  Is  connected  to  ground 
through  the  Isolation  Inductor.  When  the  modules  are  stacked  In  the 
Marx  array,  these  electrodes  form  the  low-inductance,  pressurlzed-gas 
switches  which  connect  the  Marx  stages  in  series  for  discharge. 

The  lumped-parameter  line  of  figure  33  Is  shown  schematically  In 
figure  34,  as  a  set  of  hlgh-dlelectrlc-constant  disk  capacitors  inter¬ 
connected  by  Inductors.  Each  LC  combination  Is  referred  to  as  a  section 
of  the  line.  The  characteristic  Impedance  of  the  line  Is  then  given  by 
the  formula  Zp  »  (L/C)1/2,  where  L  and  C  are,  respectively,  the  section 
Inductance  (henry)  and  capacitance  (farad).  The  transmission  line  delay 
per  section  Is  given  by  (LC)1/2,  while  the  pulse  length  for  the  entire 
network  is  given  by  t  =  2N(LC)1/2,  N  being  the  number  of  line  sections 
forming  the  network.  The  value  of  the  output  inductance  Lt  and  output 
capacitance  Ct  were  adjusted  to  trim  the  leading  edge  of  the  output  pulse. 
By  using  five  sections  to  form  the  module,  the  necessary  energy  storage 
capacity  per  module  and  desired  pulse  shape  were  obtained. 

The  output  characteristics  of  each  energy  storage  module  can  be  easily 
estimated  by  approximating  the  pulse-forming  network  within  the  module  by 
a  parallel-plate  transmission  line  or  strip  line  with  the  same  gross  physi¬ 
cal  dimensions  as  the  capacitor  array.  The  strip  line  shown  In  figure  35 
can,  therefore,  be  used  to  describe  the  transient  response  of  a  charged 
energy  storage  module  If  Its  dimensions  are  set  as  follows:  S  »  1.04  cm; 

W  •  4.32  cm;  l  ■  21.6  cm;  and  Ke  •  1000,  where  Ke  Is  the  dielectric  con¬ 
stant.  The  total  capacitance  of  such  a  strip  line  Is  7.9  nanofarads. 

When  the  strip  line  Is  charged  to  30  kV,  this  results  In  a  stored  energy 
of  3.5  joules.  The  actual  energy  stored  In  a  module  charged  to  30  kV  Is 
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Switch 


3.2  joules.  This  agreement  Is  quite  reasonable  as  the  area  of  the 
conducting  surfaces  In  the  strip  line  1$  somewhat  larger  than  the  corres¬ 
ponding  surfaces  In  the  energy-storage  module.  Since  the  characteristic 
Impedance  of  the  strip  line.  Zp  ■  (L/C)1/1,  1$  2.9  ohms,  the  Impedance 
of  25  such  lines  connected  In  series  Is  approximately  72  ohms.  As 
described  earlier,  the  measured  pulser  Impedance  was  70  ohms.  A  similar 
agreement  was  found  In  the  duration  of  the  output  pulse.  The  pulse 
length  for  the  strip  line  approximation  Is  given  by  tp  ■  21  vflJjVc,  where 
c  Is  the  speed  of  light.  Inserting  the  appropriate  values  yields  a  pulse 
duration  of  46  nanoseconds(  while  the  actual  pulse  length  (FWHM)  was  50 
nanoseconds. 

4.  INTERACTION  BETWEEN  THE  PULSE-FORMING  MODULES  AND  THE  SYSTEM  LOAD 
Following  the  synchronous  breakdown  of  the  Marx  spark  gaps  within 
each  pulser,  the  voltage  developed  across  the  load  resistance  Is  deter¬ 
mined  by  the  interaction  between  the  pulse-forming  modules  and  the  system 
load.  As  shown  In  figure  36,  the  modules  are  connected  to  the  load  by  a 
network  of  matched-impedance  coaxial  lines.  With  the  pulser  Impedance 
matched  to  the  Input  Impedance  of  the  line  network,  the  complex  array  of 
figure  36  can  be  simplified  to  the  schematic  shown  In  figure  37.  In  the 
simplified  schematic,  the  parallel  network  of  fifteen  70  ohm  directive 
switches  connected  to  the  common  4.7  ohm  coaxial  line  has  been  replaced 
by  a  single  transmission  line  of  equal  total  electromagnetic  delay;  l.e., 
the  transit  time  of  an  electromagnetic  Impulse  within  the  single  line  Is 
equal  to  that  of  the  parallel  network.  Similarly,  the  signal  source  In 
figure  37  represents  the  output  characteristics  of  the  15  pulser  array. 
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To  determine  the  output  characteristics  of  thi  sourca,  consider  tho 
schematic  of  a  pulse-forming  modulo  shown  In  flgurt  38.  Tho  spatial  md 
temporal  variation  of  tho  potential  between  the  parallel  electrodes  Is 
governed  by  she  tnnsmlsslon  line  equations 

» 

ft  •  -L  ft  <M> 

and 


Combining  these  equations  yields  the  following  wave  equation 


lit.  LCilV 

ax1  at* 


(98) 


where  C  and  L  are,  respectively,  the  capacitance/meter  and  Inductance/ 
meter  for  the  transmission  line.  For  a  uniform  transmission  line,  the 
voltage  Is  propagated  along  the  line  as  a  wave.  Solutions  to  the  wave 
equation  take  the  form  of  two  standing  waves  moving  In  opposite  direc¬ 
tions;  l.e,,  V(x)  ■  F(x  -  vt)  and  V(x)  ■  g(x  -  vt),  where  the  wave  veloci¬ 
ty  v  ■  (IC)"*/*.  The  transmission  line  characteristics  for  parallel-plate 
and  coaxial  geometries  are  given  In  table  V. 

When  the  switch  Is  closed,  one  end  of  the  pulse-forming  module  remains 
as  an  open  circuit  and  the  other  Is  connected  to  ground  through  the  equiva¬ 
lent  load  Rp.  Under  Laplace  transformation,  and  using  the  appropriate 
Initial  and  boundary  conditions,  the  wave  equation  can  be  solved  to  give 
the  voltage  developed  across  the  load  as  a  function  of  time. 
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Table  V 

LINE  CHARACTERISTICS 


Coaxial 


Units 


2irKee0/£,n(r0/r.|j  farads/meter 


Jjjf  tn^rQ/r^  henries/meter 


c 


meter/sec 


v„  •  ^ |i  (.  [(.  •  y  *  (■  ■  y 

(99) 

where  Zp  Is  the  characteristic  Impedance  of  the  strip  line,  Rp  Is  the 
equivalent  load  resistance,  and  Vc^  Is  the  final  charging  voltage. 

Since  the  Impedance  of  the  directive  switch  Is  matched  to  that  of  the 
25  pulse-forming  modules  connected  In  series,  the  equivalent  load  resist¬ 
ance  Is  equal  to  the  characteristic  Impedance  of  the  module.  For  the 
matched  case,  Zp  ■  Rp,  equation  (99)  Is  reduced  to 

\(t)  ’  ^  [U«(t)  ’  W*’]  (100) 

where  ua(t)  Is  the  unit,  step  function  defined  by 

0  when  t<a 

ua(t)  -  (101) 

1  when  t>a 


With  the  25  modules  connected  In  series,  the  total  voltage  developed 
between  the  coaxial  output  terminals  of  each  pulser  Is  theoretically 


The  duration  of  the  output  pulse  Is  determined  by  the  transit  time  of  an 
electromagnetic  wave  within  the  dielectric  material  of  the  module.  If 
all  the  pursers  are  triggered  simultaneously,  the  voltage  pulses  will  be 
transmitted  from  each  pulser  to  the  system  load  without  any  significant 
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distortion.  The  parallel  connection  of  the  pulsers  results  In  a  current 
pulse  equal  to  the  summation  of  the  fifteen  pulses. 

Returning  to  figure  37,  the  signal  source  has  now  been  characterized 
as  having  a  4.7-ohm  Impedance,  and  producing  the  voltage  pulse  described 
by  equation  (102).  After  the  last  gap  In  the  Marx  stack  has  closed,  the 
output  pulse  will  be  Injected  Into  the  coaxial  transmission  line  and 
transmitted  without  distortion  to  the  system  load.  When  the  square  wave 
reaches  the  load,  some  fraction  of  the  wave  may  be  reflected  depending 
upon  the  value  of  the  terminating  resistance.  The  Incident  and  reflected 
components,  and  Vf  respectively,  of  the  Injected  wave  are  related 
through  the  reflection  coefficient  £. 

Vf  •  £V1  (103) 

where 

K  m  y  +  (104) 

and  R  and  1Q  are,  respectively,  the  load  resistance  and  the  characteris¬ 
tic  Impedance  of  the  output  transmission  line.  The  voltage  drop  across 
the  resistive  load  Is  then  equal  to  the  summation  of  the  Incident  and 
reflected  waves. 

vvi  +  v(riyvi  (,05> 

Three  particular  values  for  the  terminating  resistance  are  of  special 
Interest:  R  ■  0,  R  ■  ZQ,  and  R  ♦  ».  If  R  Is  equal  to  zero,  correspond¬ 
ing  to  a  short  circuit,  the  reflection  coefficient  Is  -1,  and  the  re¬ 
flected  voltage  wave  Is  of  the  saute  amplitude  as  the  Incident  wave,  but 
opposite  In  sign.  For  the  matched  case,  R  ■  ZQ,  the  reflection  coefficient 
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Is  zero.  There  Is  no  reflected  wave  and  all  of  the  power  Is  absorbed  In 
the  pure  resistance.  Finally,  If  the  load  resistance  approaches  Infinity, 
as  the  case  when  the  line  Is  open-circuited,  £  ■  1 ,  and  reflection  occurs 
without  change  In  phase. 

If  the  load  Is  not  matched  to  the  line,  R  ZQ,  a  wave  £V.|  will  be 
reflected  back  toward  the  pulse-forming  modules.  Since  the  line  and 
source  Impedances  are  matched,  the  reflected  wave  will  be  transmitted 
without  distortion  until  the  open-circuit  termination  of  the  pulse-forming 
module  Is  reached.  At  this  point,  the  wave  Is  again  reflected,  but  with¬ 
out  change  In  phase.  The  subsequent  reflection  between  the  resistive  and 
open-circuit  terminations  of  the  systems  will  continue  until  the  energy 
of  the  wave  has  been  totally  dissipated  in  the  resistive  elements  of  the 
circuit,  l.e.,  resistive  lead,  skin  resistance  of  the  conducting  surfaces, 
and  plasma  resistance  In  the  spark  channels  within  the  gaps.  The  result¬ 
ant  pulse  shapes  for  several  values  of  R  are  shown  In  figure  39.  For  the 
matched  load,  the  voltage  across  the  resistance  Is  described  by 

V  25  (rh;) [".<*> -ub<‘>]  <106> 

where  a  ■  xd  and  b  ■  2 fc/v  +  Td,  giving  a  pulse  duration  of  50  nanoseconds. 
When  the  system  was  terminated  by  a  constant-resistance  load,  the  actual 
load  voltage  was  found  to  be  approximately  20  percent  lower  than  the 
"Ideal"  value  predicted  by  equation  (106).  The  difference  between  these 
values  was  attributed  to  losses  and  slight  Impedance  mismatches  In  the 
physical  system. 
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SECTION  V 


OIODE  DESIGN 


1.  FUNCTIONAL  REQUIREMENTS 

To  operate  the  pulsed-power  system  as  a  low- Impedance,  electron 
accelerator,  the  transducer  chamber  (P  and  Q  In  figure  29)  of  the 
exploding  wire  configuration  had  to  be  replaced  by  a  structure  Incor¬ 
porating  the  cold  cathode  and  stretched-foll  anode  of  a  low- resistance, 
high-current  diode.  Like  the  transducer  chamber,  such  a  diode  struc¬ 
ture  has  the  function  of  connecting  the  output  of  the  pulsed-power 
system  to  the  system  load  with  a  minimum  of  Impedance  mismatch.  Fur¬ 
thermore,  both  assemblies  must  Incorporate  means  of  measuring  the 
voltage  across  the  load  as  well  as  the  current  and  time  rate  of  change 
In  current  flowing  through  the  load.  Lastly,  these  transmission  line 
terminations  must  withstand  the  voltage  across  the  load,  and  be  capable 
of  operation  when  the  load  region  Is  evacuated  to  a  high  vacuum. 

Unfortunately,  certain  of  these  functional  requirements  are  mutu¬ 
ally  exclusive.  On  one  hand,  there  Is  the  requirement  for  a  matched- 
impedance  transition  from  the  physical  dimensions  of  the  coaxial  trans¬ 
mission  line  to  those  of  the  system  load.  Crmfi' -tlno  with  this 
requirement,  a  satisfactory  voltage  hoi  doff  capability  must  be  main¬ 
tained  throughout  the  transition.  Considering  the  catastrophic  conse¬ 
quences  of  Insufficient  voltage  holdoff,  the  breakdown  characteristics 
of  the  terminal  transition  must  take  precedence.  The  subsequent 
failure  to  maintain  the  transmission  line  Impedance  up  to  the  point  of 
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connection  to  the  system  load  results  In  an  effective  series  Inductance 
which  can  limit  the  current  rise  time  In  the  load.  The  extent  of  this 
limitation  Is  dependent  upon  the  relative  Interelectrode  spacing,  which 
Is  determined  by  the  environmental  conditions  In  the  region  of  the  load. 

Unlike  the  diode  structure  which  must  operate  only  at  high  vacuum, 
the  transducer  chamber  had  been  designed  to  operate  over  a  pressure 
range  extending  from  high  vacuum  to  several  atmospheres.  Consequently, 
several  of  the  compromises  necessary  to  achieve  an  optimum  design  for 
the  chamber  were  biased  toward  the  higher  pressures  within  this  range. 
Specifically,  the  hemispherical  chamber  geometry  had  been  selected 
Instead  of  an  equivalent  conical  configuration,  because  volume  break* 
down  In  air  was  determined  to  be  the  limiting  factor  In  voltage  holdoff 
at  atmospheric  pressures.  Compared  to  an  equivalent  conical  conflgura* 
tlon,  the  voltage  gradients  within  a  hemispherical  chamber  are  lower 
throughout  most  of  the  Interelectrode  volume.  The  field  strength  at 
the  surface  of  the  Inner  conductor  Is  lower  In  the  case  of  the  conical 
geometry,  however.  Furthermore,  the  conical  geometry  offers  a  lower 
series  Inductance.  In  spite  of  these  features,  the  demonstrated 
volume-breakdown  problem  dictated  that  the  field  configuration  within 
a  hemispherical  chamber  had  to  be  favored. 

To  facilitate  Interchangeable  transducer- chamber  components,  the 
oil-filled  transmission  line  was  connected  to  a  short,  matched- Impedance 
line-section  fabricated  using  a  mica-filled  epoxy  dielectric.  This 
section,  designated  as  the  transducer-chamber  base,  Is  shown  at  0  In 
figure  29.  The  choice  of  a  hemispherical  transducer  chamber  resulted 
In  radial  electric  field  lines  which  are  parallel  to  the  plane  of  the 

129 


_ ^  i*- ■'  *  * '  * 


-  . . . 


epoxy-air  surface  at  the  base  of  the  transducer  chamber.  Since  the 
dielectric  constant  of  the  epoxy  Is  higher  than  that  of  the  chamber 
gas,  a  slant  or  convoluted  surface  would  have  enhanced  the  field  In 
the  gas.  Field  lines  parallel  to  the  surface  were,  therefore,  con¬ 
sidered  advantageous  for  operation  at  moderately  high  chamber  pressures. 
2.  HIGH-VOLTAGE  BREAKDOWN  OF  VACUUM-DIELECTRIC  SURFACE 

A  more  recent  study  of  surface  flashover  by  Ian  Smith  (Ref.  69}  has 
shown  that  a  slant  dielectric  surface  Is  preferable  for  vacuum  opera¬ 
tion.  To  obtain  optimum  breakdown  strength  from  a  dielectric-vacuum 
surface,  the  angle  between  the  surface  and  the  field  must  be  selected 
to  Inhibit  secondary  electron  multiplication.  The  results  of  a  similar 
study  by  A.  S.  Denholm  et  al.  are  shown  In  figure  40  (Ref.  1).  As  seen 
from  these  results,  the  probability  of  surface  flashover  Is  highest, 
and  the  voltage  holdoff  lowest,  when  the  field  lines  Intersect  a 
dielectric  surface  at  slightly  negative  angles.  The  parallel  surface 
at  the  base  of  the  hemispherical  transducer  chamber  therefore  represented 
a  worst  possible  case  for  vacuum  operation. 

The  anticipated  use  of  transducer  chamber  components  to  form  the 
support  structure  of  the  cold-cathode  diode  necessitated  a  careful 
evaluation  of  a  potential  surface-flashover  problem  during  vacuum  opera¬ 
tion.  In  partial  anticipation  of  such  a  problem,  Field  Emission  had 
fabricated  Inner  hemispheres  (M  In  figure  29)  of  three  different  radii. 
These  hemispheres  offered  a  choice  of  l-1nch(  2-1nch,  or  3.3-inch  Inter¬ 
electrode  spaclngs.  From  figure  40  the  flashover  point  for  an  epoxy¬ 
vacuum  surface  parallel  to  the  electric  field  lines  should  be  approxi¬ 
mately  140  kV/lneh.  Hie  coaxial  and  spherical  approximations  for  the 
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Figure  40.  Comperlion  of  Dielectric  Flesh-Over  Performance 


electric  field  at  the  surface  of  the  smallest  Inner  hemisphere  yield 
134  kV/Inch  and  190  kV/Inch,  respectively,  If  the  applied  potential  Is 
300  kV.  The  actual  field  at  the  junction  of  the  coaxial  and  spherical 
geometries  must  be  between  these  extremes.  Consequently,  surface 
flashover  of  the  epo*y  surface  and  the  subsequent  short  circuit  of  the 
output  pulse  can  hardly  be  avoided  when  the  fully-charged  system  Is 
discharged  Into  the  evacuated  transducer  chamber.  Open-shutter  photo¬ 
graphs  of  the  epoxy  surface  graphically  demonstrated  the  validity  of 
these  estimates. 

To  avoid  the  surface  flashover  problem  but  still  retain  the  utility 
of  the  available  hardware  as  well  as  certain  of  the  advantages  of  the 
hemispherical  geometry,  the  transducer  chamber  was  modified  to  form  the 
diode  structure  shown  In  figure  41.  The  outer  hemisphere  (B)  remained 
at  Its  original  6-3/8-1nch  radius.  To  minimize  the  chamber  Inductance 
but  still  retain  adequate  voltage  hoi  doff,  the  Intermediate  Inner  hemi¬ 
sphere  (A),  4-3/8-1nch  radius,  was  chosen.  To  Insulate  the  epoxy 
surface  and  eliminate  the  flashover  problem,  a  Lexan  disk  was  Inserted 
at  (C).  The  region  above  the  disk  could  then  be  pressurized  with  SF(, 
an  Insulating  electronegative  gas,  and  the  diode  region  below  evacuated. 

The  basic  electrical  diagnostics  for  the  diode  region  are  a  capaci¬ 
tive  voltage- divider  (0),  a  Faraday  cup- calorimeter  current  monitor  (E), 
and  a  set  of  four  magnetic-pickup- loops  (F)  which  respond  to  the  time 
derivative  of  the  current.  In  the  configuration  shown  In  figure  41, 
the  diode  Is  formed  by  the  cylindrical  cathode  (0)  and  the  graphite 
sensing  disk  (G)  of  the  Faraday  cup,  which  Is  located  oh  the  anode 
plane.  For  application  other  than  the  diode  study*  the  Faraday  cup  is 
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Figure  41.  Schematic  of  the  Diode  Structure 
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replaced  by  in  numbly  which  stretches  i  thin,  alumlnlzed-Hylar  film 
•cross  th«  modi  plane,  Whin  thi  Findiy  cup  Is  removed,  i  second 
current  monitor  (H),  «  wall-current  shunt,  Is  used, 

3.  ELECTRIC  FIELD  ANALYSIS 

Thi  Initial  decision  regarding  thi  location  of  thi  dlilictrlc  disk 
was  based  primarily  on  mechanical  considerations ,  Pressurliatlon  of 
the  region  above  the  disk  In  connection  with  evacuation  of  the  region 
below  necessitated  mechanical  support  at  the  Inner  perimeter  of  the 

disk  to  facilitate  a  workable  vacuum  seal.  To  provide  the  necessary  ■ 

support,  a  smoothly  radlused  lip  was  Incorporated  Into  the  base  of  the 

cathode  shank.  The  lip  also  provided  electrostatic  shielding  for  the 

critical  region  of  the  dielectric-vacuum  surface  where  the  dielectric  \ 

contacts  the  center  conductor.  Since  surface  flashover  Is  Initiated  by  j 

secondary  electron  multiplication,  It  Is  extremely  Important  to  control  J 

<  | 

the  electric  stress  In  this  region  (Ref.  70).  The  existence  of  any 
small  gaps  between  the  dielectric  and  the  metol  of  the  center  conductor 
results  in  a  stress  enhancement  at  a  most  critical  juncture.  The  pres¬ 
sure  cf  the  Insulating  gas  pushing  the  disk  against  the  lip  on  the 
cathode  shank  was  thought  to  minimize  this  possibility. 

Functional  requirements  dictated  the  choice  of  a  dielectric  mate¬ 
rial  possessing  excellent  mechanical  and  electrical  properties.  Regard- 
Ing  surface  breakdown  under  vacuum  conditions,  tests  at  the  AFWL  had 
shown  laxan  to  be  one  of  the  better  dielectric  materials  available 

(Ref,  70).  A  1-Inch  thick  Lexan  disk  was,  therefore,  selected  to  J 


provide  th«  required  mechanical  rigidity  end  to  permit  roiurf icing  If 
thi  dielectric  surface  were  to  be  damaged  by  depotltlon  of  viporlxed 
material  end  subsequent  flishover, 

Prior  to  fabrication,  the  proposed  modi  fleet Ion  to  the  trinsdueer 
chamber  wis  carefully  evil u* ted  with  respect  to  (1)  the  probiblllty  of 
turfice  flishover  it  the  new  dielectric- vacuum  surfice,  (2)  possible 
effects  on  the  operitlon  of  the  cipicltlve  voltage-divider,  (3)  sup¬ 
pression  of  cithode-shmk  emission!  end  (4)  Inductive  llmltitlon  to 
the  current  rise  time  In  the  diode.  To  determine  the  field  strength 
it  certain  critical  areas,  the  equlpotentlal  distribution  within  the 
proposed  configuration  was  computed  numerically  (Ref.  72).  The  results 
of  this  calculation  are  shown  In  figure  42. 

The  probability  of  surface  breakdown  Is  determined  by  the  angle 
with  which  the  field  lines  Intersect  the  dielectric- vacuum  surface,  and 
the  stress  at  the  surface,  From  figure  42,  the  field  lines  were  found 
to  Intersect  the  Lexan-vacuum  surface  at  a  positive  angle  (see  figure 
40  for  the  definition  of  the  sign  of  the  angle)  of  approximately  60 
degrees.  The  surface  flashover  data  presented  In  figure  40  Indicated 
that  a  Lexan-vacuum  surface  should  withstand  an  applied  field  In  excess 
of  190  kV/cm  for  such  an  angle.  To  determine  the  voltage  holdoff  capa¬ 
bility  of  the  Lexan  disk,  calculated  values  of  the  voltage  gradients 
along  the  Lexan-vacuum  surface  were  plotted  In  figure  43,  assuming  an 
applied  potential  of  300  kV.  The  maximum  stress  along  the  surface  was 
found  to  be  approximately  75  kV/cm.  The  combined  effects  of  the  lip  at 
the  base  of  the  cathode  shank  end  the  transition  from  a  hemispherical 
to  a  cylindrical  center- conductor  geometry  suppressed  the  applied 
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field  at  the  critical  Inner  periphery  of  the  disk  to  approximately  30 
kV/cm,  however.  The  maximum  voltage  holdoff  capability  of  the  Lexan 
disk  was  therefore  expected  to  be  In  excess  of  760  kV,  which  Is  compa¬ 
rable  to  the  safety  factor  designed  Into  the  original  pulsed-power 
system. 

The  radial  geometry  of  the  electric  field  between  the  hemispheres 
of  the  transducer  chamber  was  useful  in  determining  the  point  at  which 
the  voltage  was  measured  with  the  capacitive  voltage-divider.  Such  a 
field  configuration  was  readily  amenable  to  calculation.  Although  the 
high  dielectric  constant  of  the  Lexan  distorted  the  field,  the  radial 
character  In  the  region  of  the  voltage  divider  was  preserved  by  posi¬ 
tioning  the  disk  at  a  sufficient  distance  below  the  divider.  The 
resultant  location  of  the  divider  In  the  SFe-f1 lied  region  had  the 
advantage  of  preventing  spurious  current  flow  between  the  divider 
strip  and  the  center  conductor,  which  would  have  degraded  the  measured 
voltage  signal. 

Analysis  of  the  electron  flow  within  the  diode  Is  simplified  If 
electron  emission  from  the  cathode  shank  can  be  suppressed.  To  minimize 
the  electric  field  at  the  surface  of  the  cathode  shank,  the  hemispheri¬ 
cal  geometry  of  the  outer  conductor  was  transformed  into  a  conical  con¬ 
figuration  In  the  diode  region.  Again  referring  to  figure  42,  the 
maximum  electric  field  along  the  brass  cathode  shank  was  determined  to 
be  approximately  190  kV/cm  for  an  applied  potential  of  300  kV.  Since 
a  field  on  the  order  of  300  kV/cm  Is  required  to  produce  an  emitted 
current  density  of  roughly  1  ampere/cm2  from  a  polished  electrode 
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surface  (Ref.  73).  significant  electron  emission  from  this  region  was 
not  anticipated. 

The  electron  emission  from  the  three  regions  of  the  graphite 
cathode  was  also  evaluated.  The  field  along  the  cathode  surface  Is 
seen  to  be  highest  at  the  outer  edge,  lower  and  approximately  uniform 
across  the  circular  face,  and  lower  yet  along  the  cylindrical  sides. 

A  short  distance  behind  the  edge,  the  field  along  the  cylindrical  por¬ 
tion  of  a  5.08-cm  diameter  cathode  was  In  the  range  of  200  kV/cm  to 
300  kV/cm  for  a  300  kV  pulse.  For  the  same  cathode  and  pulse,  the 
field  across  the  face  ranged  from  500  kV/cm  to  1.5  MV/cm,  depending 
upon  the  diode  separation.  This  Indicated  that  electron  emission  from 
the  cathode  face  and  edge  would  have  been  predominant. 

4.  INDUCTANCE  CALCULATIONS 

Having  biased  the  design  compromises  to  obtain  the  necessary  voltage 
hoi  doff  capability,  the  diode  structure  did  not  represent  a  matched- 
impedance  extension  to  the  coaxial  transmission  line.  Viewing  the 
hemispherical  chamber  as  a  transmission  line  element,  the  Input  imped¬ 
ance  at  the  plane  of  the  epoxy-SF,  surface  was  readily  calculated  to  be 
22.6  ohms.  As  the  wavefront  procceeded  from  this  surface  towards  the 
Lexan  disk,  the  Impedance  Increased  smoothly  but  rapidly  to  approxi¬ 
mately  40  ohms.  Below  the  disk,  the  wavefront  encountered  a  series  of 
Impedance  discontinuities  resulting  from  variations  in  the  contour  of 
the  electrode  surfaces.  Since  the  transit  time  of  the  wavefront  from 
the  base  of  the  hemisphere  to  the  diode  region  was  short  compared  to 
the  rise  time  of  the  wavefront,  the  distortion  of  the  wavefront  was 
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better  treated  by  considering  the  reactances  of  the  diode  structure  as 
lumped  parameters. 

The  simplest  method  of  predicting  with  reasonable  accuracy  the 
waveshape  that  might  be  expected  to  reach  the  diode  would  Involve  the 
calculation  of  reflection  coefficients  from  a  lumped-parameter  equiva¬ 
lent  circuit.  These  reflection  coefficients  would  have  frequency 
dependent  amplitudes  and  phase  shifts.  Fourier  analysis  could  then  be 
used  to  resolve  the  frequency  components  of  the  output  waveform  from 
the  pulser  array.  By  applying  the  reflection  coefficients  to  the  fre¬ 
quency  components  of  the  Incident  wave,  one  could  synthesize  the  wave¬ 
form  of  both  the  transmitted  and  reflected  waves  at  the  Input  plane  of 
the  diode  structure. 

A  detailed  analysis  such  as  this  was  considered  unnecessary  since 
the  primary  concern  regarding  the  mismatched  condition  centered  on  the 
possible  limitation  to  the  current  rise  time  within  the  diode.  With 
this  In  mind,  the  capacitive  reactance  was  Ignored,  and  the  diode 
structure  In  combination  with  the  remainder  of  the  system  was  treated 
as  an  Inductor  and  series  resistance,  connected  across  the  terminals 
of  the  common  coaxial  line.  The  resultant  circuit,  shown  In  figure  44, 
Is  similar  to  that  used  to  Illustrate  the  Interaction  between  the  pul¬ 
ser  array  and  the  system  load.  In  the  present  case,  an  additional 
element,  the  Inductance  of  the  diode  structure,  has  been  added  and  the 
source  Impedance  Is  shown  explicitly.  Assuming  an  Idealized,  square- 
wave  output  pulse,  the  waveform  developed  across  the  diode  resistance 
Is  now  given  by 
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where  x^  Is  the  time  constant  of  the  series  LR  network* 


TL-rn; 
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ufi(t)  Is  the  unit  step  function*  and  a  and  b  are  defined  In  equation 
(106).  A  sketch  of  the  resultant  waveform  Is  shown  In  figure  45.  The 


rise  time  of  the  Idealized  pulse  between  the  10  percent  and  90  percent 


points,  xr*  Is  approximately  equal  to  2.2  x^.  If  the  rise  time  of  the 


actual  waveform  across  a  matched-resistance  diode  Is  to  be  on  the  order 


of  8  nanoseconds,  the  total  uncompensated  Inductance  of  the  diode 


structure  must  be  less  than  approximately  34  nanohenries. 


Inductance  formulae  may  be  readily  derived  for  coaxial  structures 


having  axial  symmetry  from  the  relation 


■/ 


y  dV 
(2xrr) 2 


(109) 


where  L  Is  the  Inductance  of  the  structure,  r  Is  the  radial  distance 


from  the  axis  of  symmetry  to  the  differential  volume  dV,  y  Is  the 


permeability  of  the  dielectric  material,  and  V  Is  the  Interelectrode 


volume  within  which  the  magnetic  field  Is  confined.  Equation  (109)  Is 


restricted  to  the  determination  of  external  Inductance  (that  due  to  the 


magnetic  field  outside  the  conductors),  but  the  current  sheaths  In  the 


electrodes  are  quite  thin  because  of  the  skin  effect.  As  a  result. 


Internal  Inductances  can  be  Ignored  without  Introducing  significant 


error. 


Figure  44.  Simplified  System  Schematic  Including  Diode 
Structure  Inductance 
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Figure  45.  Idealized  Voltage  Waveform  Developed  Across  the  Diode 
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To  simplify  the  definition  of  the  boundary  conditions,  the  diode 
structure  was  divided  Into  the  six  regions  shown  in  figure  46.  Appli¬ 
cation  of  the  self-inductance  relation  given  above  to  each  region 
resulted  In  the  expressions  listed  In  table  VI.  The  inductance  of 
region  VI  was  calculated  assuming  a  uniform  current  distribution  In 
the  diode.  Since  the  regional  inductances  are  effectively  connected 
In  series,  the  Individual  values  were  summed  to  yield  a  total  Induct¬ 
ance  of  28.7  nh.  The  waveform  shown  In  figure  45  was  calculated  using 
this  result.  Since  the  6.7-nsec  rise  time  resulting  from  this  induct¬ 
ance  Is  less  than  the  designed  rise  time  of  the  system,  the  inductive 
properties  of  the  diode  structure  were  certainly  acceptable. 


Table  VI 

INDUCTANCE  RELATIONS 


Region 

I 

II  1 

III  L 


IV 

V 


Inductance 


Lf2x  10“ 7  ht 


=  2.4  nh 


II 


=  8.3  nh 


=  9.8  nh 


Liy  --  2  x  10-7  (h„  -  h,) 
“  4.9  nh 

Ly  *  2  x  10“7  (h,  -  hj 
-  3.1  nh 


1 


1 
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Table  VI  (cont'd) 
Inductance 


where  d  Is  the  diode  separation. 
Lt  «  28.7  nh 
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bCCTtON  VI 

t’XMERIMENTAL  H.CHMIMH 

1 .  ANALYTICAL  APPROACH 

In  view  of  the  Inherent  complexity  of  high-current  diode  phenomem, 
a  basic  requirement  for  this  study  was  the  availability  of  a  well- 
balanced  array  of  accurate  diode  diagnostics.  The  primary  component  of 
this  diagnostic  array  was  a  precisely  calibrated  combination  of  electri¬ 
cal  sensors  located  In  the  diode  region  of  the  accelerator,  These  elec¬ 
trical  diagnostics  were  supplemented  by  the  calorimetric  and  photographic 
techniques  necessary  to  substantiate  the  diagnostic  calibration  and  to 
verify  certain  analytical  assumptions  concerning  the  current  density 
distribution  and  plasma  motion  within  the  diode, 

The  first  step  In  evaluating  the  diode  response  was  to  carefully 
resolve,  on  a  comnon  time  base,  the  voltage,  current,  and  dl/dt  signals 
generated  by  the  electrical  diagnostics  in  the  diode  region.  The  measured 
voltage  signal  was  then  corrected  to  remove  the  inductive  component  asso¬ 
ciated  with  the  physical  separation  between  the  voltage  monitor  and  the 
diode.  The  corrected  voltage  now  corresponded  to  the  resistive  voltage 
developed  across  the  diode,  finally,  the  corrected  voltage  and  current 
waveforms  were  used  to  compute  the  time  variation  of  such  pertinent  diode 
parameters  as  the  diode  perveance,  resistance,  v/y,  the  electron  dose 
deposited  In  the  anode  front  surface,  the  power  of  the  electron  beam,  and 
the  total  beam  energy.  The  leading  edge  of  these  signals  could,  If  justi¬ 
fied,  be  used  to  develop  a  Fowler-Nordheim  plot.  If  the  stable  field 
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omitted  currents  were  of  sufficient  magnitude  to  be  measurable  using  the 
available  ourront  cM«or»o»t1ct •  these  plots  could  bo  utod  to  ovoluito  tho 
characteristics  of  the  Initial  oloctron  emission  sites, 

Allying  prlmarl  1y  on  tho  time-dependent  Information  provided  by  tho 
oloctrlcol  dlognoitlcii  tho  rotponto  of  «  vorloty  of  dlodo  configurations 
were  Invoitlgotod,  Tho  cothodo  typot  considered  during  this  survey  were 
toloctod  to  bo  roproiontotlvo  of  tho  wide  vorloty  utod  by  tho  vorlout 
occolorotor  developers,  Tho  basic  configure tlont  Included  In  tho  turvoy 
wort  tho  graphite,  tho  multi  -needle,  end  tho  brut-epoxy  "plume"  cathodes 
(too  figure  47) ,  In  addition,  tovorel  minor  verletlont  wore  totted  to 
ovelueto  specific  point*  of  Interest,  Throughout  tho  prollmlnery  turvoy 
end  tho  letor  more  dotellod  ttudy,  cethodo  dlemoton  ringed  from  1,54  cm 
to  6.J8  cm,  end  diode  teperetloni  verlod  from  1  mm  to  10  mm. 

Although  tho  rotulti  of  tho  prollmlnery  turvoy  wore  quell tetlve  end 
rtther  limited,  tho  grephito  cethodot  exhibited  e  distinctively  onhencod 
ptrformence  roletlvo  to  tho  other  dotlgnt  In  two  critical  eroe*.  First, 
tho  formetlvo  or  "turn-on"  time  of  tho  grephito  cethodo  wet  found  to  bo 
8  to  10  nenotecondt  shorter  then  olthor  tho  multi-noodle  or  brets-opoxy 
cethodot.  Given  tho  complete  ebtonce  of  prepulte  In  tho  Field  Bmlttlon 
system,  this  wet  en  extromely  Importent  foeturo.  Secondly,  tho  thet- to- 
shot  reproducibility  of  tho  diode  response  wet  notlceebly  Improved.  The 
Improved  performence  wet  more  then  sufficient  to  werrent  tho  dotellod 
study  being  limited  to,  diodes  which  Incorporeted  e  grephito  cethodo. 

As  the  diode  study  progressed,  severel  sots  nf  dete  wore  selected  for 
cereful  anelysls  end  comparison  with  e  proposed  diode  model.  Supplemental 
measurements  were  then  performed  for  those  diode  configurations  using 
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;  photographic  techniques  to  support  certain  of  the  fundamental  assumptions 
underlying  tho  model,  With  this  objective  In  mind*  strook  photographs 
wort  toktn  perpendicular  to  tho  dlodo  axis  to  provide  qualitative  evidence 
of  plasma  motion  between  tho  dlodo  electrodes,  In  addition,  tho  attenua- 
tor/aclntll later  onodo  assembly  dovolopod  it  Cornoll  Unlvorslty  (Rtf.  17) 
was  usod  to  obtiln  curront  density  measurements  it  tho  inodo  plane, 

Strook  ind  opon  shuttor  photographs  of  tho  optleil  omissions  from  tho 
sclntlllitlng  mitorlil  provldod  time-dependent  ind  time-integrated  Informs- 
tlon  concurring  tho  curront  donslty  distribution. 

2,  ELECTRICAL  DIAGNOSTICS 

As  shown  In  flguro  41 »  tho  oloctrlcil  dlignostles  In  tho  dlodo  region 
Included  s  capacitive  voltigo-dl vlder,  two  Indopondont  curront  monltorSi 
ind  •  combined  sot  of  four  mignotlc  pickup  loops.  Then  tensors  hid  boon 
designed  to  provide  accurate,  time-resolved  meiiurements  issoclited  with 
the  electron  flow  In  the  diode.  To  substintlite  the  dlignostlc  precision 
«nd  to  provide  the  btsls  for  i  detailed  error  milyslst  the  response  of 
eich  sensor  wis  eveluited  by  considering  equivalent,  lumped-parameter 
circuits.  Independent  calibration  of  specific  diagnostics  then  provided 
partial  verification  of  the  estimated  response  characteristics.  The  multi¬ 
plicity  of  diode  diagnostics  permitted  cross-calibration  to  complete  the 
response  analysis.  Finally,  the  results  of  this  analysis  were  presented 
In  an  appropriate  form  to  provide  detailed  error  estimates, 
a.  Capacitive  Voltage  Divider 

The  voltage  developed  across  the  diode  was  measured  using  a  capaci¬ 
tive  voltage  divider.  The  active  element  of  the  divider  consisted  of  a 
5/8- inch  wide  strip  of  copper-clad  Teflon  (5-mll  Teflon  laminated  between 
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2 -mil  copper  follt)  which  had  been  recessed  Into  tht  Inner  surface  of  tho 
outer  hemisphere,  To  take  advantage  of  the  ndltl  electric  field  lines, 
the  strip  wis  mounted  midway  between  the  Lexan  «nd  epoxy  surfaces ,  In 
this  configuration,  the  exposed  copper  strip  was  electrically  Isolated 
from  the  Inner  strip  which  made  good  electrical  contact  with  the  grounded 
outer  hemisphere.  The  exposed  copper  strip  then  acted  as  a  third  elec¬ 
trode  having  capacitance  with  respect  to  both  the  Inner  and  outer  hemi¬ 
spheres  of  the  diode  structure. 

To  obtain  the  necessary  low-frequency  response,  a  series  combina¬ 
tion  of  capacitive  and  resistive  dividers  was  required.  The  resistive 
divider  was  formed  by  coupling  the  signal  generated  at  the  third  electrode 
to  a  50-ohm  diagnostic  cable  through  a  Tektronix  P6034  10X  oscilloscope 
probe.  The  characteristic  Impedance  of  the  output  cable  leading  to  the 
recording  oscilloscope  served  as  the  small  resistance  leg  of  the  resistive 
voltage  divider.  When  properly  terminated  In  the  50-ohm  cable,  the  probe 
had  a  500-ohm  Input  resistance  which  extended  the  RC  time  constant  of  the 
divider  network. 

The  equivalent  circuit  for  the  voltage  divider  is  shown  In  figure 
48,  In  this  schematic,  the  symbols  for  the  pertinent  circuit  parameters 
are  as  follows: 

C,  »  capacitance  between  the  Inner  hemisphere  and  the  divider  strip 

■  2.06  pf 

Ct  ■  divider  strip  capacitance 

•  2,250  pf 

Rp  ■  probe  resistance 

■  450  fl 
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Zg  *  characteristic  Impedance  of  diagnostic  cable 

R,  ■  terminal  resistance  tt  the  oscilloscope 

•  z0  ■  so  n 

Vm  -  voltigo  waveform  to  bo  measured 

V)  ■  V|  If  signal  distortion  within  tho  diagnostic  eiJ<  .n  bo 
neglected 

V|  •  voltogo  waveform  rocordod  it  tho  oscilloscope 

If  tho  voltogo  waveform  Vm  con  bo  approximated  by  o  squoro  wave 
such  it  that  dotcrlbod  by  oquotlon  (106),  tho  output  waveform  gonorotod 
by  tho  capacitive  voltogo  dl vldor  would  bo 

Vi(t)  •  \c.l  »p  [-  liall  fu,  (t)  -  exp  ^  ub(t)l  (110) 

RC  L  RC  J  L  RC  * 


whoro  Vm  Is  tho  mognltudo  of  tho  voltogo  pul  so  botwoon  tho  oloctrodos 
of  tho  dlodo  structuro,  (b-a)  Is  tho  pulso  durotfon,  ond  tho  RC  time 
constont  of  tho  sorlos  divider  combination  Is  given  by 


trc  ■  (*p  *  2o)(c>  ♦  '•) 
■  1.126  usee 


(111) 


Figure  49  Illustrates  the  distortion  inherent  In  the  divider  net¬ 
work  of  figure  48.  To  minimise  this  distortion,  the  circuit  parameters 
had  to  be  adjusted  to  maximize  the  RC  time  constant  under  the  constraint 
that  the  signal  magnitude  at  the  oscilloscope  Va  provide  satisfactory 
vertical  deflection.  Using  Tektronix  Type  519  oscilloscopes,  a  signal 
of  approximately  20  volts  was  required  to  achieve  a  full-scale  vertical 
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deflection .  Assuming  •  300-kV  puls*  on  the  diode,  the  choice  of  divider 
parameters  listed  above  would  result  In  a  27-volt  pulse  at  the  oscillo¬ 
scope.  Since  the  RC  decay  associated  with  this  choice  of  circuit  parame¬ 
ters  was  only  4  percent  after  SO  nanoseconds,  the  output  pulse  from  the 
divider  was  not  corrected  for  this  distortion.  The  relationship  between 
Vm  and  was  therefore  assumed  to  be 

>|(t),^^Z°)C(c^'c.)^(t)  (,,2) 

With  this  assumption,  the  resultant  error  In  the  voltage  measurement 
would  not  become  significant  until  late  In  the  pulse,  at  which  time  the 
RC  decay  approaches  10  percent. 

The  Initial  calibration  of  the  capacitive  voltage  divider  in  the 
exploding  wire  transducer  chamber  had  been  completed  by  the  Field  Emission 
Corporation  (Ref.  67)  during  the  final  testing  of  the  pulsed  power  system. 
Since  the  divider  used  In  the  diode  structure  was  virtually  identical, 
the  same  calibration  procedure  was  followed.  Specifically,  a  Ballantlne 
Model  520  Direct  Current  Reading  Capacitance  Meter  was  used  to  measure 
the  capacitances  of  the  divider.  The  capacitive  elements  Cj  and  C2  were 
were  found  to  be  2.06  pf  and  2.250  pf,  respectively.  For  comparison,  the 
theoretical  value  of  Cx  was  calculated  to  be  1.97  pf.  The  output  capaci¬ 
tance  C2  could  not  be  calculated  accurately  because  of  slight  variations 
In  the  thickness  of  the  Teflon  layer  within  the  divider  strip.  Assuming 
the  measured  capacitance  values  to  be  correct,  the  overall  divider  ratio 
(Ci  +  C2)  (RP  +  Z0)/CjZ0  was  10,930. 
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The  unavoidable  physical  separation  between  the  divider  strip 
and  the  diode  resulted  In  the  voltage  waveform  sensed  at  the  divider 
being  equal  to  the  sum  of  two  components:  (1)  a  resistive  component 
associated  with  electron  acceleration  In  the  diode,  and  (2)  an  inductive 
component  proportional  to  the  time  dlrlvatlve  of  current  flow  In  the 
diode.  The  measured  voltage  was,  therefore,  given  by 

Vm(t)  -  IR  +  L, (dl/dt)  (113) 

where  R  Is  the  resistance  of  the  diode,  I  Is  the  diode  current,  di/dt 
Is  the  time  derivative  of  the  current,  and  L,  Is  the  Inductance  associated 
with  the  Interelectrode  volume  between  the  diode  and  the  divider. 

If  the  Inductance  Lj  can  be  determined  and  the  time  derivative  of 
the  diode  current  measured,  the  resistive  potential  drop  across  the  diode 
VR  can  be  derived  from  the  following  expression. 

VR  »  Vm  -  L, (dl/dt)  (114) 

If  L2  Is  the  diode  structure  Inductance  preceding  the  voltage  divider, 
the  total  uncompensated  Inductance  of  the  diode  structure  Is  the  sum  of 
Lj  and  l2.  With  this  Interpretation,  figure  50  shows  the  relationship 
between  the  equivalent  lumped -parameter  components  of  the  voltage  divider 
and  the  appropriate  components, of  the  diode  structure  Inductance.  Using 
the  techniques  described  In  section  V,  L2  was  calculated  to  be  9.2  nh. 
Hence,  the  Inductance  l,  associated  with  the  recorded  voltage  waveform 
was  theoretically  equal  to  19.5  nh. 
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Figure  50.  Relationship  between  the  Lumped-Parameter  Components 
of  the  Diode  Structure  and  the  Capacitive  Voltage  Divider 


b.  Magnetic  Pickup  Loops  Array  and  Pulse-Additive  Network 

The  time  derivative  of  the  current  flow  was  monitored  using  an 
array  of  four  single-loop,  magnetic  pickup  colls  mounted  at  90-degree 
Intervals  around  the  diode  axis.  The  voltage  waveform  Induced  In  the 
single- loop  probe  can  be  related  to  the  time  rate  of  change  In  the 
current  through  the  time-varying  magnetic  field  which  fills  the  volume 
between  the  electrodes  of  the  diode  structure.  The  magnetic  Induction 
B  at  some  point  r  within  the  Interelectrode  volume  can  be  determined  from 
the  primary  current  flow  I  by  Integrating  the  line  Integral  In  Ampere's 
circuital  law.  Within  the  cyl Indrlcally  symnetrlc  diode  structure 

u0  I(t) 

B(r,t?  »  -^r~-  (115) 

where  B  Is  the  magnetic  Induction  In  weber/meter2,  and  r  Is  the  perpen¬ 
dicular  distance  from  the  axis  of  the  center  conductor  to  the  point  at 
which  the  magnetic  Induction  Is  evaluated.  The  time  variation  of  the 
diode  current  can  then  be  related  to  the  electromotance  Induced  In  a 
fixed  loop  through  the  following  simplified  from  of  the  Faraday  Induction 
law 


where  E  Is  the  Induced  electric  field  within  the  loop,  d£  Is  a  differen¬ 
tial  length  along  the  loop,  da  Is  a  differential  area  within  the  loop, 
and  aB/at  Is  the  partial  derivative  of  B  with  respect  to  time  evaluated 
at  da.  If  the  loop  Is  positioned  such  that  the  normal  to  the  plane  of 
the  loop  Is  parallel  to  the  magnetic  Induction,  and  the  loop  Is  suffi¬ 
ciently  small  that  the  Instantaneous  value  of  the  magnetic  Induction  Is 


157 


approximately  constant  over  the  surface  of  the  loop,  the  Faraday  Induction 
law  can  be  further  simplified  to 


(dl/dt) 


(117) 


where  r  Is  the  distance  from  the  axis  to  the  center  of  the  loop,  and  A 
Is  the  area  of  the  loop. 

The  active  elements  of  a  dl/dt  loop  are  shown  In  figure  51.  The 
dl/dt  loop  array  was  formed  by  "sandwiching"  the  four  loops  and  their 
associated  cables  between  two  3/16-lnch-thlck  aluminum  plates  bonded 
together  using  epoxy  adhesive.  The  relative  location  of  the  dl/dt  loop 
array  and  the  diode  was  shown  In  figure  41.  The  four  matched  loops  were 
formed  by  wrapping  lengths  of  No.  24  tinned-copper  wire  around  a  No.  26 
drill  bit.  When  removed  from  the  Improvised  winding  mandrel,  the  loops 
expanded  to  their  final  O.IS-cm  radius.  To  complete  the  loop  assmnbly, 
each  coll  was  attached  between  the  center  and  ground  conductors  of  an 
appropriate  50-ohm  sub-miniature  coaxial  receptacle  (Microdot  No.  051- 
0325).  The  output  signal  from  the  loop  was  then  brought  to  an  accessible 
jack  (Microdot  No.  031-0034)  located  on  the  outer  rim  of  the  plate 
through  the  appropriate  50-ohm  coaxial  cable  and  connector  (Microdot 
No.  032-0055).  From  this  point,  the  signal  was  transmitted  to  the  Input 
terminal  of  a  Tektronix  519  oscilloscope  through  50-ohm  diagnostic  cables. 

Tne  response  of  the  dl/dt  monitor  can  be  evaluated  from  an  analy¬ 
sis  of  the  equivalent  lumped- parameter  circuit  shown  In  figure  52.  The 
self- Inductance  of  the  loop  can  be  easily  estimated  using  Inductance  ex¬ 
pressions  derived  by  Grover  (Ref.  74).  For  this  estimate,  the  coll 
attached  to  the  receptacle  was  considered  be  a  3/4  loop  connected  to 


158 


two  short  segments  of  straight  wire.  The  self-inductance  of  a  single 
turn  of  a  round  wire  with  a  cross-sectional  radius  p  bent  in  a  circle 
of  mean  radius  r^  is  given  by 


L 


4tt 


(118) 


where  L  is  in  nanohenries,  and  the  physical  dimensions  are  in  centimeters. 
Similarly,  the  self-inductance  of  a  straight  length  £  of  round  wire  can 
be  computed  from 

i  =  2i  (in  ^  -  0.75^  [}]°) 

Using  these  expressions  was  estimated  to  be  5.3  nh. 

The  loop  resistance  R£  can  be  estimated  using  the  following 
expression  for  the  high-frequency  resistivity  of  a  round  copper  wire  of 
cross-sectional  radius  o  (cm). 

5  =  U!  /f  x  10-9  (120) 

P 

where  6  Is  the  resistivity  (ohnrcm),  and  f  is  the  frequency  of  the  signal 
(Hz).  The  radius  of  No.  24  wire  Is  2.55  x  10“*  cm.  Assuming  the  dominant 
frequency  to  be  determined  by  the  pulse  width  of  the  current  pulse,  the 
frequency  was  taken  to  be  10T  Hz.  With  these  assumptions,  the  probe 
resistance  was  estimated  to  be  approximately  6.6  mllliohms. 

If  the  driving  voltage  V,(t)  were  a  square  wave  of  duration  (b-a), 
the  voltage  waveform  V2 ( t )  measured  at  the  oscilloscope  would  be 
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(IN) 

where  the  time  constant  of  the  loop  Is 


(122) 

-  1.06  x  1(TU  sec 

For  the  response  analysis.,  the  loop  resistance  can  be  neglected 
because  It  Is  qulto  small  compared  tu  the  50-ohm  series  resistance  of  the 
Input  termination  at  the  oscl  I loscopo,  1  ho  distortion  of  the  circuit  can 
oe  seen  from  a  comparison  of  the  relative  waveforms  of  the  driving  and 
measured  voltage  pulses  for  a  2-nanosecond  square  wave  (fig,  53), 

With  the  probe  assemblies  recessed  Into  the  aluminum  plate,  the 
loops  were  partially  shielded  from  the  Induced  magnetic  field.  The  corre¬ 
lation  between  the  voltage  waveform  Induced  In  the  loop  and  the  time  rate 
of  change  In  the  total  current  must,  therefore,  Incorporate  a  shielding 
factor  fs. 

u0  A 

V(t)  “  f$(d1/dt)  (123) 

The  overal ,  probe  sensitivity  was  determined  by  comparing  the 
maximum  valor  of  the  measured  current  signal  with  the  maximum  value  of 
the  time-integrated  dl/dt  signal  (measured  in  volts).  The  overall  probe 
sensitivity  was  the:,  e^ual  to  the  ratio  of  these  maximum  values.  The 


Figure  53.  Response  of  Magnetic  Pickup  Loop 
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ivprigo  ftniitlvity  of  flip  four  lnup*  wax  found  lo  hi?  jMM  *  If)’1* 
velt*ktc/imp#p#,  VarMuin  Among  the  loops  was  Im  (hen  ft  p#rc«ni, 

With  p$Ak  vel4ti  of  dl/ril  oxpbehMl  tu  be  oh  the  ordtn  of  10*  ’  impem/tic, 
the  mAximum  signol  «t  the  wsti llovtopo  would  he  apppuulmAtoly  'If  voltl. 
Using  the  physical  dimensions  given  In  figure  SI,  n  A/¥nr  wet  nkuUted 
to  bo  2,2H  x  irn  volt*iec/  Ampere,  Ihe  shielding  fACtor  resulting 
from  the  recess*;!  pos' tics'  of  the  luop  was  therefore  Approximately  0.1?. 

If  the  distribution  of  current  flow  within  the  diode  were  to 
exhibit  time  varying  asymmetries,  the  signal  Induced  In  a  single  dl/dt 
loop  would  reflect  these  shifts,  Since  the  measured  dl/dt  signal  must 
be  proportional  to  the  time  derivative  of  the  total  current  flow  within 
the  system  load,  a  single  maqnetlc  pickup  loop  may  not  be  satisfactory, 

To  avoid  this  possible  source  ut  error,  four  loops  were  mounted  at  equal 
Intervals  around  the  axis.  To  then  obtain  a  common  signal,  the  Individual 
outputs  from  the  four  loops  were  combined  in  a  matched- Impedance,  pulse- 
additive  network.  Such  a  network  generates  an  output  pulse  proportional 
to  the  sum  of  the  input  waveforms. 

The  pulse- additive  circuit  developed  for  this  study  used  tour 
Tektronix  CT-1  nanosecond  current,  transformers  with  P604Q  probes  to 
simultaneously  induce  the  four  output  signals  from  the  di/dt  loops  on  a 
common  50-ohm  coaxial  cable.  Although  the  CT-1  was  designed  to  induc¬ 
tively  monitor  the  current  through  a  conductor,  the  signal  path  may  be 
reversed  and  the  CT-1/P6040  used  to  inject  a  signal  onto  a  coaxial  cable. 
When  used  as  a  current  monitor,  the  sensitivity  of  the  CT-1  was  5  mv/ma 
into  a  50-ohm  load.  With  the  signal  path  reversed,  the  signal  amplitude 
Induced  on  a  50-ohm  cable  was  1/10  its  original  value.  The  LR  time 
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constant  of  the  CTO  wit  approximately  I  mec,  iml  the  transformer  hid 
i  rite  tine  of  lets  thin  0,38  nanoseconds,  With  the  tnnt former  core 
unutunted,  the  pul  tod  response  of  the  CTO  wit  tuch  thit  the  output 
would  exhibit  •  decty  of  approximately  2  percent  if ter  100  nanoseconds, 
The  peak  pulted  current  rating  of  the  trintformer  wit  100  imperet  with 
end  imp* tec  product  of  1  imp* usee,  Attumlng  the  output  of  i  dl/dt  loop 
to  be  approximately  27  volts  with  i  100-ntec  duration,  the  mtlclpited 
imp»sec  product  would  be  0,08  imp*utec  using  80-ohm  dlegnottlc  ciblet, 
Core  tituritlon  wit  therefore  not  expected  to  be  i  problem, 

The  trintformer  iddltlve  network  wis  fibrlcited  by  mounting  the 
four  CT-1  trintforweri  In  the  common  center  conductor  of  o  Tektronix 
50-ohm  Q,R,  Insertion  unit.  To  mlnlmlxe  relitlve  phise  shifts  ilong  the 
Induced  signals,  the  transformers  were  placed  Immediately  adjacent  to 
each  other,  The  signal  delay  associated  with  the  physical  separation 
between  fhe  first  and  fourth  transformer  was  less  than  0.2  nsec. 

The  pulsed  response  of  a  50-ohm  cable  to  the  Injection  of  a  nano¬ 
second  signal  from  the  CT-1  Is  such  that  two  pulsed  components  of  equal 
amplitude  and  opposite  polarity  are  transmitted  In  opposite  directions 
along  the  cable.  The  transformer  additive  network  was  operated  with  one 
end  of  the  Insertion  unit  connected  to  a  50-ohm  diagnostic  cable,  and 
the  other  terminated  with  either  a  50-ohm  resistive  termination  or  a 
short -circuit  termination.  If  the  resistive  termination  were  used,  the 
pulse  transmitted  toward  the  oscilloscope  through  the  diagnostic  cable 
would  be  recorded  while  the  other  would  be  dissipated  without  reflection 
In  the  matched-resistance  of  the  thermlnatlon.  If  the  resistive  termina¬ 
tion  were  replaced  by  the  short-circuit  termination,  the  pulse  transmitted 
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towird  tht  short  circuit  would  be  luflnlud  with  equal  amp A  i ( uUt*  and 
opposite  polarity,  The  reflected  pulse  would  ihon  have  the  tarn®  polarity 
end  impllfudt  as  the  other  pulsed  componant  which  had  hewn  originally 
transmitted  toward  the  oscilloscope.  I  he  pulse  recorded  at  the  oscillo¬ 

scope  would  now  be  the  additive  sum  of  the  two  components.  Having  been 
delayed  by  Its  transit  and  return  from  the  short-circuit  termination, 
the  reflected  component  would  be  approximately  Q.3  nanoseconds  out.  of 
phase  with  the  first.  Th*'  disadvantage  associated  with  the  slight  distor¬ 
tion  Introduced  by  the  shorted  termination  was  more  than  compensated  by 
the  fact  that  th#  amplitude  of  the  output  pul  so  would  he  doubled  In  this 
configuration.  Hence,  the  total  attenuation  of  the  additive  network 
would  be  reduced  by  one  half. 

The  pulsed  response  ot  the  additive  network  wus  evaluated  by 
simulating  the  output  of  the  dl/dt  loops  with  the  square-wave  output,  from 
a  Tektronix  Type  111  pretrigger  pulse  generator.  To  obtain  four  simul¬ 
taneous  square-wave  pulses  of  Identical  amplitude  and  pulse  duration,  the 
outt  t  of  the  pulse  generator  was  divided  through  a  network  of  three 
coaxial  power  dividers  (GR  Type  8/d  TPU  coaxial  power  divider).  The  four 
Identical  pulses  were  then  combined  In  the  additive  circuits.  Having 
recorded  the  orglnal  and  recombined  waveforms  usiny  a  Tektronix  Type  RM45A 
oscilloscope  equipped  with  a  Type  1 bl  sampling  pi uy- in  unit,  the  response 
of  the  pulse-additive  network  could  be  estimated  by  comparing  the  resulting 
oscillographs. 

The  oscillograph  In  figure  54  shows  the  two  superimposed  pulse- 
generator  waveforms  used  for  the  response  analysis.  The  leading  pulse 
had  a  duration  of  20  nanoseconds,  and  was  recorded  at  a  sweep  rate  of 


of  5  nttc/cm,  Th*  shorter  pulse  h*d  a  2-nanosocond  duration,  and  wav 
racordad  at  1  ns*c/cm.  Th*  response  of  th*  transformer  (r*sist1v*  terml- 
natlon)  addtr  can  b*  estimated  from  th*  r*comb1n*d  wav* forms  shown  in 
flgur*  55, 

Using  the  r*$1stlv*ly  t*rmlnat*d  transformer  adder,  th*  rise 
time  of  the  puls*-g*n#rator  output  waveform  was  degraded  from  0.8  nsec 
to  1,2  ns*c.  Additionally,  a  slight  RC  decay  was  observed  toward  the 
end  of  th*  long*r  puls*.  Using  th*  short-circuit  termination,  the  out¬ 
put  of  th*  transformer  adder  was  doubled  and  the  rise  time  of  the  reconv¬ 
ened  waveform  further  degraded  to  1 .8  nsec.  Rise-time  limitations  on 
this  order  were  not  expected  t.o  Introduce  significant  error.  The  low- 
frequency  response  was  Identical  to  that  of  the  reslstively  terminated 
mode.  Assuming  a  dl/dt  of  1011  ampere/sec,  the  di/dt  loops  in  combina¬ 
tion  with  the  reslstively  terminated  pulse  adder  would  generate  a  signal 
of  approximately  10.8  volts  at  the  oscilloscope.  Under  the  same  condi¬ 
tions,  the  short-circuit  termination  would  yield  a  recorded  signal  of 
21.6  volts. 

c.  Combined  Faraday  Cup-Calorimeter 

The  primary  current  monitor  used  throughout  the  diode  study  was 
designed  and  fabricated  by  the  Arkon  Scientific  Laboratories  specifi¬ 
cally  for  this  application.  The  dual  currer.t/energy  measurement  required 
of  the  combined  Faraday  cup-calorimeter  was  achieved  by  connecting  a 
thermally  Insulated  graphite  disk  to  ground  through  a  low-inductance, 
stainless-steel  resistor.  The  physical  oimensions  of  the  graphite  disk 
were  chosen  to  be  sufficiently  large  that,  when  the  disk  was  mounted  on 
the  anode  plane,  all  electrons  emitted  from  the  various  anticipated 
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Original  Waveforms 

Leading  Pulse: 

Duration  -  20  nsec 
Sweep  Rate  -  5  nsec/cm 

Trail Ing  Pulse: 

Duration  -  2  nsec 
Sweep  Rate  -  1  nsec/cm 


Figure  54.  .aveforms  Used  In  the  Response  Analysis  of  the 
Transformer  Pulse  Additive  Network 


Recombined  Waveforms 

Leading  Pulse: 

Duration  -  20  nsec 
Sweep  Rate  -  5  nsec/cm 

Trailing  Pulse: 

Duration  -  2  nsec 
Sweep  Rate  -  1  nsec/ cm 


Figure  55.  Recombined  Waveforms  from  the  Transforti-er 
Pulse  Additive  Network 
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cathode  configurations  (diameters  ranging  from  2.54  cm  to  6.35  cm,  and 
diode  separations  ranging  from  0.1  cm  to  1  cm)  would  be  Intercepted  and 
stopped  within  the  volume  of  the  disk.  The  size  of  the  disk  was  con¬ 
strained  however,  by  the  additional  requirement  that  the  thermal  equili¬ 
brium  time  of  the  disk  be  short  compared  to  the  time  constant  for  heat 
loss. 

As  the  accelerated  electrons  are  collected  within  the  disk,  the 
accumulated  charge  must  flow  to  ground  through  the  3.5  milliohm,  thin- 
fo 11  resistor.  If  the  Internal  inductance  of  the  resistor  is  sufficently 
low,  the  diode  current  can  be  directly  related  to  the  voltage  developed 
across  the  resistor.  To  minimize  the  Internal  inductance,  the  coaxial 
resistive  element  was  formed  by  two  thin,  stainless-steel  foils  separa¬ 
ted  by  a  0. 004-Inch  Mylar  insulator.  In  addition  to  having  a  low  induc¬ 
tance,  this  tubular  configuration  benefited  from  a  high  degree  of  mag¬ 
netic  field  cancellation.  According  to  the  manufacturer's  calibration, 
the  Faraday  cup  exhibited  a  rise  time  of  less  than  3  nanoseconds.  Since 
the  current  oulse  generated  by  the  pulsed-power  system  had  a  rise  time 
of  approximately  8  nanoseconds,  the  internal  Inductance  of  the  Faraday 
cup  was  not  expected  to  introduce  a  significant  error  In  the  current 
measurement. 

With  the  collector  (graphite  disk  mounted  on  a  thin  copper  struc¬ 
ture)  of  the  Faraday  cup  thermally  Isolated,  the  total  energy  deposited 
in  the  collector  could  be  related  to  its  Increase  in  temperature.  To 
monitor  the  temperature  rise,  three  lon-constantan  thermocouples  were 
recessed  into  the  thin  copper  plate  to  which  the  graphite  disk  was 
attached,  Knowing  the  mass  and  specific  heat',  of  copper  and  graphite 
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components ,  and  the  sensitivity  of  the  thermocouples,  the  total  thermal 
energy  could  then  be  determined  from  a  time  dependent  record  of  the 
voltage  genera tred  at  the  thermocouples. 

Throughout  most  of  the  diode  study,  the  combined  Faraday  cup- 
calorimeter  was  mounted  directly  on  the  anode  plane,  and  the  beam  stopped 
within  the  graphite  disk.  In  this  configuration,  the  total  electrical 
energy  expended  In  accelerating  the  electron  beam  (determined  from  the 
electrical  diagnostics)  could  be  directly  compared  with  the  thermal  energy 
deposited  In  the  graphite  (measured  calorimetrlcally) .  If  the  entire 
accelerated-electron  pulse  were  collected  within  the  graphite  disk,  and 

if  the  coincident  energy  deposition  did  not  result  in  a  significant  mass 

* 

loss  at  the  front  surface  of  the  calorimetric  disk,  the  two  energy  measure¬ 
ments  should  be  identical.  A  comparison  of  these  two  values  would,  there¬ 
fore,  provide  a  cross-correlation  of  the  diagnostic  calibration. 

"The  choice  of  the  material  for  the  calorimetric  disk  was  predi¬ 
cated  on  the  need  to  minimize  front-surface  damage.  In  early  electron 
beam  studies  using  high- Impedance  accelerators  with  average  electron 
kinetic  energy  exceeding  several  million  electron  volts,  graphite  was 
found  to  be  the  best  general  purpose  calorimetric  material  because  of 
its  high  spall  threshold.  Where  aluminum  and  copper  spalled  at  pulsed 
electron  fluences  of  from  80  to  100  cal /cm2,  graphite  had  been  used  up 
to  approximately  500  cal/cm2  with  no  evidence  of  surface  failure  (Ref.  75). 
At  the  lower  electron  kinetic  energies  (100  keV  to  300  keV)  characteristic 
of  the  electron  beam  generated  by  the  modified  field  emission  system,  the 
upper  limit  for  graphite  must  be  reduced  to  approximately  100  cal/cm2  to 
avoid  front  surface  damage.  As  expected,  the  relative  merit  of  available 
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calorimetric  materials  remained  unchanged.  The  calorimetric  disks  for 
the  Faraday  cup  were  therefore  fabricated  from  graphite, 
d.  Wall -Current  Shunt 

For  those  applications  in  which  the  electron  beam  must  be 
extracted  from  the  accelerator,  the  total -stopping  calorimeter  had  to 
be  removed  from  the  anode  plane.  In  preparation  for  this  mode  of  opera¬ 
tion,  the  diode  structure  had  been  designed  to  Incorporate  a  second 
current  monitor,  a  wall -current  shunt,  which  could  measure  the  current 
flow  Indirectly.  A  wall -current  shunt  does  not  measure  the  primary 
current  carried  by  the  center  conductor  of  a  transmission,  but  rather 
requires  the  equal  but  oppositely  directed  image  or  "wall"  current  induced 
In  the  external  conductor  to  flow  through  a  low- inductance,  resistive  ele¬ 
ment  which  interrupts  the  continuity  of  the  current  return  path. 

The  active  elements  of  the  wall-current  shunt  are  illustrated  in 
figure  56.  The  resistive  elanent  of  the  shunt  was  laminated  between  the 
Lexan  and  brass  plates  which  formed  the  3/8-1nch-thick  shunt  assembly. 

The  annular  resistive  element  was  fabricated  from  0.5-mll  manganese  alloy 
(Texas  Instruments  P  alloy;  73  percent-Mn,  17  percent-Cu,  and  10  percent- 
Ni)  foil  chosen  for  its  high  resistivity  (170  y  ohnrcm).  The  upper  plate 
of  the  assembly  consisted  of  a  brass  ring  to  connect  the  inner  parimeter 
of  the  resistor  to  ground,  and  an  annular  Lexan  plate  to  insulate  the 
signal  side  of  the  circuit.  The  outer  perimeter  of  the  resistor  was  sol¬ 
dered  to  the  brass  plate  which  formed  the  lower  half  of  the  shunt  assembly. 
To  insulate  the  lower  surface  of  the  resistive  foil,  a  5-mil  Teflon  film 
was  inserted  between  the  foil  and  the  brass  plate. 
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The  voltage  pulse  developed  across  the  1.31 -mi  1 1 i ohm  resistor  was 
transmitted  to  the  external  diagnostic  cable  through  four  lengths  of  50- 
ohm  subminiature  coaxial  cables  embedded  at  equal  intervals  around  the 
shunt  assembly.  These  internal  cables  were  then  terminated  by  subminia¬ 
ture  jacks  (Microdot  No.  031-0034)  mounted  at  the  outer  periphery  of  the 
laminated  plate. 

The  equivalent  circuit  of  the  shunt  can  be  considered  as  a  series 
resistance  and  inductance  shunted  by  a  parallel  capacitance.  As  in  the 
case  of  the  coaxial  resistor  used  in  the  Faraday  cup,  the  radial  design 
of  the  resistive  element  in  the  wall -current  shunt  should  benefit  from  a 
high  degree  of  magnetic  field  cancellation.  At  the  high  frequencies  of 
Interest,  the  shunt  capacitance  represents  a  comparatively  high-impedance 
path  compared  to  the  1.31 -mi 1 1 lohm  of  the  resistor,  and  can  also  be  neg¬ 
lected.  Although  the  dc  resistance  of  the  shunt  was  calibrated  using  a 
Kelvin  bridge,  there  was  unfortunately  no  opportunity  to  determine  the 
pulsed  response  of  the  shunt. 

3.  PHOTOGRAPHIC  DIAGNOSTICS 

The  current  density  at  the  anode  plane  was  measured  by  replacing  tne 
Faraday  cup-calorimeter  by  the  anode  assembly  shown  in  figure  57.  This 
assembly  had  been  designed  to  hold  a  thin  20-mil  sheet  of  plastic  scintil¬ 
lator  (Pilot  B)  behind  an  electron  attenuator  positioned  on  the  anode 
plane.  For  these  measurements,  the  attenuator  was  a  thin  graphite  or 
aluminum  foil.  The  foil  thickness  was  chosen  to  be  approximately  90  per¬ 
cent  of  the  electron  range  in  the  attenuator  material.  With  this  selec¬ 
tion,  the  effect  of  the  attenuator  was  to  reduce  the  electron  dose  reach¬ 
ing  the  scintillator  to  a  level  which  minimized  the  physical  damage.  The 
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Figure  57.  Schematic  of  the  Anode  Scintillator  Assembly 


sheet  of  black  paper  between  the  attenuator  and  the  scintillator  pro¬ 
vided  a  nonreflectlng  background  for  the  optical  photons  emitted  from 
the  pilot  B,  and  also  served  to  buffer  the  scintillator  from  thermal  or 
shock  damage. 

Using  the  axial  viewing  port,  open-shutter  photographs  of  the  optical 
emissions  generated  within  the  scintillator  by  electron  energy  loss  pro¬ 
vided  time-integrated  evidence  of  the  relative  current  density.  Optical 
densitometer  scans  of  the  photographic  negative  then  yielded  a  more  quan¬ 
titative  measure  of  the  desired  current  density  information.  The  most 
significant  advantage  of  the  open-shutter  photographs  was  the  excellent 
spatial  resolution  obtained  from  the  negative. 

Similar  current  density  information,  but  time  resolved,  was  obtained 
by  using  a  TRW  image  converter  camera  operated  in  either  the  streak  or 
framing  mode.  To  facilitate  the  streak  photography,  the  axial  viewing 
port  was  masked  with  the  exception  of  a  2 -mm  wide  slit  which  intersected 
the  diode  axis.  The  camera  gate  pulse  was  monitored  to  synchronize  the 
photographic  information  with  the  signals  from  the  electrical  diagnostics. 
Unlike  the  open-shutter  photographs,  the  electronic  imaging  of  the  image 
converter  camera  was  the  factor  limiting  the  spatial  resolution. 

The  Inherent  spatial  resolution  of  the  attenuator/scinill ljtor  tech¬ 
nique  was  limited  by  the  electron  scatter  within  the  attenuator.  Since 
the  electron  range  at  the  kinetic  energies  of  interest  (100  keV  to  300 
keV)  was  less  than  one  millimeter  in  the  attenuator  materials,  the  spatial 
resolution  was  estimated  to  be  on  the  crder  of  several  tenths  of  a  milli¬ 
meter. 
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Discrimination  against  target  brents str ah lung  produced  In  the  attenua¬ 
tor  was  achieved  by  using  a  sheet  of  scintillator  sufficiently  thin  to 
pass  the  X  rays  with  negligible  optical  excitation,  Whereas •  the  X-ray 
mean-free-path  In  the  scintillating  material  was  on  the  order  of  centi¬ 
meters!  the  corresponding  electron  mean-free-path  was  less  than  a  milli¬ 
meter.  The  discrimination  between  the  two  types  of  lonlilng  radiation 
was  further  enhanced  by  the  fact  that  the  sensitivity  of  pilot  B  to  elit- 
tron  energy  deposition  was  more  than  10*  that  of  X  rays. 

The  anode  assembly  of  figure  57  also  Incorporated  a  radial  viewing 
port  which  permitted  optical  measurement  of  axial  plasma  motion  within 
the  diode.  Using  this  port,  streak  photographs  were  taken  perpendicular 
to  the  diode  axis  to  provide  qualitative  evidence  of  plasma  motion  between 
the  diode  electrodes. 

4.  DATA  ACQUISITION  AND  ANALYSIS 

The  value  of  quality  diagnostic  Instrumentation  to  subsequent  Inter¬ 
pretation  of  results  can  hardly  be  overstated.  The  availability  of  high 
fidelity  signals  from  the  sensing  probes  In  the  diode  region  was  not  suf¬ 
ficient  in  Itself  to  ensure  an  accurate  analysis  of  pertinent  diode  param¬ 
eters.  For  such  an  analysis,  the  Information  for  the  three  basic  electri¬ 
cal  sensing  probes  (voltage,  current,  and  dl/dt)  had  to  be  converted  to 
digital  amplitude  and  time  values  which  could  then  be  numerically  manipu¬ 
lated  within  a  computer  using  an  appropriate  data  reduction  and  analysis 
program.  The  various  components  employed  In  the  processes  of  data  acqui¬ 
sition  and  reduction  are  Indicated  in  the  block  diagram  of  figure  58.  To 
minimize  the  iota!  error  of  the  data  handling  sequence,  the  probable 
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sources  of  error  associated  with  each  component  had  to  be  identified  and 
evaluated. 

Being  the  principal  component  in  the  data  handling  sequence,  the 
electrlca1  diagnostics  for  the  diode  region  were  selected  with  particu¬ 
lar  care.  The  response  of  each  of  these  sensors  has  been  discussed  in 
the  preceding  paragraphs.  With  the  possible  exception  of  the  late-time 
response  of  the  capacitive  voltage  divider,  the  inherent  distortion  in 
the  output  signals  was  negligible. 

To  accomodate  the  diagnostic  requirements,  the  input  termination  of 
four  diagnostic  cables  were  located  immediately  adjacent  to  the  trans¬ 
ducer  region  of  the  accelerator.  Signals  input  at  this  point  were  trans¬ 
mitted  to  a  ‘"emotely  located  screen  room  through  50-ohm,  1/2- inch  Stryo- 
flex  cables  approximately  58  feet  long  (70-nsec  delay).  Inside  the 
screen  room,  an  additional  75  nsec  of  RG-8  cable  was  required  to  compen¬ 
sate  for  the  erection  time  of  the  pulsers.  Throughout  this  network,  the 
cables  were  properly  shielded  and  terminated.  It  was  therefore  assumed 
that  the  cables  and  connectors  did  not  attenuate  or  otherwise  alter  the 
pulse  waveshape. 

Uncertainties  In  the  timing  of  diagnostic  information  was  considered 
to  be  a  major  source  of  error.  To  compute  the  diode  parameters  of  Inter¬ 
est,  the  signals  generated  by  the  sensing  probes  had  to  be  correlated 
on  a  common  time  base.  Because  of  the  rapid  time  rate  of  change  In  the 
amplitude  of  these  signals  during  the  rise  and  fall  of  the  high-voltage 
pulse  delivered  by  the  pulsed-power  system,  substantial  errors  would 
result  from  slight  shifts  In  the  relative  timing  of  the  diagnostic 
signals.  Timing  errors  were  considered  insignificant  if  the  degree  of 
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simultaneity  among  all  data  channels  could  be  maintained  at  approximately 
+0.1  nanoseconds. 

Fortunately,  considerable  effort  has  been  expended  during  the  develop¬ 
ment  of  the  system  at  field  emission  to  provide  the  ancillary  equipment 
necessary  to  satisfy  this  timing  requirement.  The  block  diagram  shown 
in  figure  59  illustrates  the  data  acquisition  system  designed  for  this 
purpose.  The  principal  components  of  the  timing  network  are  identified 
as  the  delay  unit,  the  scope  trigger  generator,  and  the  zero  time  marker 
generator. 

The  operational  sequences  of  the  timing  network  proceeded  as  follows. 
Subsequent  r.o  the  discharge  of  the  UV  pulser,  a  signal  was  taken  from 
the  current  viewing  resistor  (see  figure  30  for  the  location  of  the  CVR) 
on  the  pulse-splitting  transformer,  and  transmitted  to  the  delay  unit. 

When  triggered  by  the  UV  pulser  signal,  a  silicon  avalanche  transistor 
stage  at  the  input  of  the  delay  unit  generated  a  sharply  peaked  nanosecond 
pulse.  This  pulse  was  then  fed  through  an  adjustable  delay  unit  which 
consisted  of  swltchable  lengths  of  miniature  coaxial  cable.  The  delayed 
pulse  triggered  a  pulse  level  discriminator  formed  by  a  germanium  tunnel 
diode  deriving  an  avalanche  transistor  output  stage.  Since  the  pulse 
level  discriminator  triggered  at  a  fixed  voltage  level  on  the  leading 
edge  of  the  delayed  pulse,  accurate  time  delay  calibration  was  achieved 
regardless  of  pulse  distortion  caused  by  the  longer  lengths  of  delay 
cable. 

The  output  pulse  from  the  delay  unit  was  then  transmitted  to  the  scope 
trigger  generator  and  the  zero  time  marker  generator.  These  units  were 
composed  of  avalanche  transistor  stages,  each  capable  of  driving  seven 
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Figure  59.  Block  Diagram  of  the  System  Timing  Network 


50-ohms  loads.  The  seven  outputs  of  the  trigger  generator  were  applied 
to  the  external  trigger  inputs  of  an  equal  number  of  diagnostic  oscillo¬ 
scopes.  The  zero  time  marker  generator  produced  a  sharply  peaked  10-volt 
pulse  with  a  1 -nanosecond  duration,  which  was  applied  to  the  common  junc¬ 
ture  of  seven  50-ohm  cables.  The  fiducial  pulses  injected  in  the  cables 
were  then  applied  to  the  verical  inputs  of  the  recording  oscilloscopes 
through  zero  signal  injectors.  The  fiducial  markers  were  delayed  by 
approximately  20  nanoseconds  relative  to  the  scope  triggering  pulses  so 
that  the  zero  point  would  appear  after  the  initial  nonlinear  portion  of 
the  oscilloscope  trace.  With  careful  measurement  of  the  relative 
differences  in  the  length  of  the  cables  connecting  the  zero  time  marker 
generator  outputs  to  the  zero  signal  injectors  at  th  oscilloscopes,  the 
degree  of  simultaneity  of  the  fiducial  markers  on  the  seven  data  channels 
was  better  than  +0.1  nanosecond. 

The  zero  signal  injector  was  a  device  developed  by  Field  Emission  to 
inject  the  zero  time  marker  Into  the  vertical  signal  channels  of  the  oscil 
Ioscopes  without  appreciably  disturbing  the  vertical  signal  information. 
The  Injector  consisted  of  a  Tektronix  CT-1  current  transformer  which  had 
been  mechanically  modified  to  fit  into  a  Tektronix  125-ohm  insertion  unit. 
Unlike  the  transformer  pulse-additive  network  which  employed  a  50-ohm 
insertion  unit,  the  zero  signal  Injector  attenuated  the  10-volt  fiducial 
pulse  by  a  factor  of  6.25.  The  0.4  percent  impedance  discontinuity 
resulting  from  the  insertion  Impedance  of  the  CT-1  was  regarded  as  Insigni 
ficant. 

The  simultaneous  injection  of  the  zero  time  markers  insured  a  common 
zero  point  on  the  time  base  of  all  data  channels,  but  had  no  effect  on 
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the  quality  of  Information  at  later  times.  The  correlation  of  Informa¬ 
tion  at  times  other  than  zero  was  dependent  on  both  the  frequency 
response  of  the  data  oscilloscope  and  the  precision  of  the  oscilloscope 
sweep  rate.  The  frequency  response  requirement  was  met  by  employing 
Tektronix  Type  S19  oscilloscope  which  had  a  rise  time  of  less  than  0.3 
nanosecond.  The  remaining  requirement  for  time  base  precision  was  satis¬ 
fied  by  determining  the  average  sweep  rate  and  the  linearity  of  the  hori¬ 
zontal  deflection  for  each  oscilloscope. 

To  perform  the  necessary  time  base  calibration,  a  high-frequency, 
sinusoidal  signal  was  applied  to  the  oscilloscope  input.  The  frequency 
of  the  applied  signal  was  chosen  such  that  five  complete  cycles  would 
occur  per  centimeter  of  deflection.  The  appropriate  signal  was  then 
obtained  from  an  RF  oscillator,  and  the  frequency  determined  using  an 
accurate  frequency  counter.  A  photograph  of  the  oscilloscope  display 
was  then  analyzed  to  provide  both  an  accurate  horizontal  sweep  speed  and 
the  necessary  linearity  information. 

The  sweep  rates  were  determined  as  a  function  of  horizontal  displace¬ 
ment  by  measuring  the  distance  between  consecutive  signal  maxima  using 
an  optical  comparltor.  Knowing  the  frequency  of  the  applied  signal,  the 
distance  between  maximum  points  could  then  be  Interpreted  in  terms  of  the 
sweep  rate.  The  calibration  results  for  two  Type  519  oscilloscopes  are 
shown  in  figure  60.  Although  the  time  base  was  found  to  be  slightly  non¬ 
linear  (less  than  3  percent  neglecting  the  first  centimeter),  linearity 
was  assumed  for  simplicity,  and  the  average  sweep  rate  was  used  throughout 
the  data  analysis. 


181 


Sweep  Rate  (ns/cm)  Sweep  Rate  (ns/cm) 


Horizontal  Deflection  (cm) 


Figure  60.  Sweep  Rate  as  a  Function  of  Horizontal  Deflection 
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The  consequences  of  this  assumption  were  evaluated  In  an  experiment 
devised  to  test  the  precision  of  the  system  timing  network  as  well  as 
the  data  acquisition  and  reduction  processes.  For  this  experiment,  the 
20-nanosecond  duration  square-wave  pulse  generated  by  a  Tektronix  Type 
111  Pretrlgger  Pulse  Generator  was  split  into  two  Identical  pulses  using 
a  power  tee.  These  pulses  were  then  applied  simultaneously  to  two  of  the 
calibrated  oscilloscopes.  The  pretrigger  pulse  from  the  Type  111  was 
used  to  initiate  the  system  timing  network  which  in  tu<*n  triggered  the 
oscilloscopes  and  injected  the  zero  time  markers.  Photographs  of  the 
resulting  oscilloscope  displays  were  then  converted  to  digital  data  using 
the  optical  comparltor  and  the  data  processed  through  the  data  reduction 
program.  The  program  made  all  necessary  corrections  for  such  factors  as 
the  vertical  sensitivity  of  the  oscilloscope,  the  average  sweep  rate,  and 
the  magnitude  of  the  camera  lens. 

The  superposition  of  the  two  recomposed  waveforms,  shown  in  figure 
61,  illustrates  the  anticipated  difficulty  in  the  time  correlation  of 
pulses  characterized  by  rapid  time  variation.  seen  from  the  illustra¬ 
tion,  substantial  error  resulted  only  at  the  leading  and  trailing  edges 
of  the  pulse.  Error  estimates  were  obtained  by  examining  the  time  shifts 
between  the  hclf-maximum  points  at  the  leading  and  trailing  edges.  For 
this  example,  the  timing  error  at  the  leading  edge  was  1.4  nanoseconds. 

The  error  in  the  two  pulse  duration  (FWHM)  measurements  was  2.4  percent. 

A  careful  analysis  of  the  possible  errors  in  the  data  handling  sequence 
indicated  that  the  dominant  source  of  error  was  the  nonlinearity  of  the 
oscilloscope  sweep  rates.  Errors  associated  with  the  width  of  the 
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Figure  61.  Results  of  Time  Base  Test 


oscilloscope  trace,  the  precision  of  the  optical  comparltor,  camera 
distortion,  etc.,  would  total  only  several  tenths  of  a  nanosecond. 

To  record  the  entire  duration  of  the  delivered  energy  pulse,  the 
sweep  rate  of  the  data  oscilloscopes  was  normally  set  at  20  nsec/cm. 

Under  these  conditions,  the  estimated  error  associated  with  a  particular 
point  in  time  could  become  as  large  as  +1.0  nanosecond.  When  attempting 
to  quantify  certain  aspects  of  diode  phenomenology  such  as  whisker  explo¬ 
sion,  an  improved  precision  was  required.  In  this  case,  the  Information 
of  interest  was  associated  with  the  leading  edge  of  the  voltage  pulse. 

The  approach  devised  to  circumvent  the  timing  limitations  is  illus¬ 
trated  in  figure  59.  For  those  instances  when  the  leading  edge  of  the 
pulse  was  thought  to  be  significant,  two  oscilloscopes  were  used  to  moni¬ 
tor  the  signal  generated  by  each  of  the  three  diagnostic  probes.  The 
sweep  rate  of  the  first  set  was  selected  to  record  the  entire  pulse 
(20  nsec/cm),  while  that  of  the  second  set  was  adjusted  to  monitor  only 
the  leading  edge  (10  nsec/cm).  Using  this  arrangement,  the  primary 
oscilloscopes  were  biased  to  minimize  the  total  timing  error,  and  the 
secondary  set  was  biased  for  the  leading  edge.  The  basis  for  the  selec¬ 
tion  of  time  shifts  will  be  described  in  the  following  paragraphs. 

5.  SYSTEM  LOAD  ANALYSIS 

As  the  final  step  In  the  diagnostic  analysis,  three  distinctly  dif¬ 
ferent  types  of  system  load  were  used  to  terminate  the  coirmon  transmission 
line  of  the  accelerator.  In  the  first  phase  of  this  exercise,  the  system 
was  terminated  with  a  short-circuit  load  fabricated  from  a  short  length 
of  2- Inch-diameter  copper  pipe.  Since  this  termination  had  effectively 
a  zero  resistance,  the  voltage  waveform  at  the  capacitive  voltage  divider 
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wii  proportional  to  di/dt  (too  equation  (HU)),  fuethormoro,  the  ton* 
ttfnt  of  proportionality  was  the  InUroleutrodo  ImiuuUnro  which  roxulttKl 
front  the  physical  separation  between  the  load  and  capacitive  voltage 
divider,  The  ratio  of  the  two  signal  amplitudes  therefore  provided  an 
experimental  measurement  of  the  inductance  L,  (see  figure  §0), 

for  the  second  set  of  experiments*  the  line  was  terminated  with  an 
aqueous-salt  resistive  load,  Within  certain  constraints,  sueh  a  load  ean 
bo  used  to  terminate  the  system  in  a  constant  resistance,  In  spite  of 
the  physical  constancy  of  the  load  resistance,  resistance  values  calcula¬ 
ted  from  the  diagnostic  signals  exhibited  a  monotonic  decrease  in  time, 

*  h 

An  analysis  of  the  apparent  tijlie  variation  in  the  load  resistance  provided 
an  excellent  estimate  of  the  time  dependent  error  in  the  corrected  voltage 
waveform. 

I 

Finally,  the  accelerator  was  terminated  by/the  diode .formed  by  placing 
a  6.35-cm-diameter  graphite  cathode  at  a  distance  of  4.52  mm  from  the 
graphite  disk  of  the  Faraday  cup-calorimeter.  This  configuration  allowed 
a  comparison  between  the  electrical  energy  expanded  in  accelerating  the 
electron  beam,  and  the  thermal  energy  deposited  by  the  electron  beam  in 
the  calorimetrical ly  monitored  graphite  disk.  Since  the  expended  electri¬ 
cal  energy  is  given  by  the  time  Integral  of  the  VR  I  dt  product,  this 
comparison  provided  a  cross-calibration  of  the  combined  .Faraday  cup- 
calorimeter  and  the  capacitive  voltage  divider  sensitivities, 
a.  Short  Circuit  Load 

If  the  Interelectrode  inductance  associated  with  the  capacitive 
voltage  divider  were  to  be  determined  by  dividing  the  measured  voltage  by 
the  corresponding  value  of  the  di/dt,  the  question  arose  as  to  which 
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Instant  of  tint#  the  error  In  the  comparison  would  be  minimal,  One 
approach  mi  to  let  tht  computer  determine  thi  experiment*!  Inductance 
at  nanosecond  Interval*  throughout  thi  pulse,  and  thin  average  the 
resultant  values*  Thi  muHt  from  lueh  i  determination  in  shown  In 
flgun  62,  In  this  presentation,  thi  relative  trror  between  thi  sped- 
fie  vilui  determined  by  thi  ratio  of  thi  signal  amplitudes  and  thi  avirage 
value  are  plotted  as  a  function  of  time.  This  format  allowed  an  Inter¬ 
esting  comparison  with  the  anticipated  effects  of  the  PC  docay  In  the 
voltage  divider  signal, 

To  evaluate  the  effects  of  the  PC  decay  for  a  short-circuit  load* 
the  dl/dt  signal  was  approximated  by  a  sequence  of  ramp  and  square  wave¬ 
forms.  Since  the  hypothetical  voltage  pulse  would  be  proportional  to 
this  Idealized  dl/dt  waveformt  the  appropriate  Laplace  transform  analysis 
could  be  easily  performed  to  estimate  the  distorted  output  waveform  from 
the  voltage  divider  equivalent  circuit.  The  results  of  this  analysis, 
presented  In  terms  of  the  time  dependent  relative  error  In  the  measured 
voltage  waveform,  are  shown  by  the  dashed  line  in  figure  62. 

The  correlation  between  the  relative  error  in  the  Inductance 
measurements  and  the  calculated  error  In  the  short-circuit  voltage  wave¬ 
form  indicated  that  the  RC  decay  was  a  significant  source  of  error  not 
only  late  in  the  pulse  but  also  during  the  time  interval  near  maximum 
current  when  the  dl/dt  signal  approached  zero.  Considering  the  extremely 
rapid  time  variations  In  the  di/dt  waveform,  the  dominant  source  of  error 
throughout  the  remainder  of  the  pulse  was  the  nonlinear  character  of  the 
oscilloscope  time  base. 
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The  average  Inductance  determined  from  the  short-circuit  analysis 
was  18.5  +  1.8  nh.  For  comparison!  the  corresponding  theoretical  value 
was  calculated  to  be  19.5  nh.  To  avoid  this  undue  error  In  the  average 
value,  data  points  In  the  time  Interval  near  the  Instant  of  xero  dl/dt 
were  excluded  from  the  calculation.  The  excluded  region  Is  Indicated  In 
figure  62. 

Since  current  and  dl/dt  signals  were  both  monitored,  It  was  possi¬ 
ble  to  evaluate  the  accuracy  of  the  Faraday  cup-calorimeter  current  signal 
by  comparing  the  magnetic  pickup  loop  waveform  with  the  dl/dt  waveform 
obtained  by  numerically  differentiating  the  recorded  current  signal.  Such 
a  comparison  is  presented  In  figure  63  which  also  shows  the  short-circuit 
current  pulse.  The  excellent  agreement  between  the  calculated  and  meas¬ 
ured  dl/dt.  waveforms  substantiated  the  manufacturer's  calibration  for  the 
current  monitor.  The  small  deviations  observed  were  attributed  to  time 
base  nonlinearity  and  the  inherent  error  associated  with  the  process  of 
numerical  differentiation, 
b.  Resistive  Load 

Termination  of  the  pulsed-power  system  In  an  aqueous-salt,  resis¬ 
tive  load  provided  an  opportunity  to  compare  the  known  resistive  proper¬ 
ties  of  n  system  load  with  the  time  dependent  resistance  values  measured 
using  the  entire  diagnostic  array  under  operational  conditions.  A  previ¬ 
ous  study  of  the  electrical  and  thermal  properties  of  several  aqueous- 
salt  solutions  had  shown  that  a  resistor  of  this  type  best  satisfied  the 
requirements  of  a  system  termination  (Ref.  6).  The  primary  requirement 
for  a  resistive  termination  was  that  the  load  maintain  a  constant  resist¬ 
ance  while  absorbing  the  total  energy  delivered  by  the  pulsed-power  system. 
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Figure  63.  Comparison  of  Measured  and  Calculated  di/dt  Waveforms 
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The  only  factor  found  to  significantly  degrade  the  performance  of  an 
aqueous-salt  load  was  a  relatively  high  temperature  coefficient  of 
resistivity  (In  general  negative).  This  was  not  considered  to  be  a 
serious  limitation  in  view  of  the  moderate  energy  content  (approximately 
one  kilojoule)  of  the  accelerator  output  pulse.  Due  to  the  high  heat 
capacity  of  the  aqueous  solutions  and  the  quantity  of  liquid  required 
to  fill  the  2-1nch-diameter  load  configuration  temperature  increases 
during  the  pulse  were  limited  to  a  few  degrees  centigrade.  Using  a 
copper  sulfate  solution,  the  resultant  decrease  in  resistance  was 
approximately  10  percent. 

An  example  of  the  voltage,  current,  and  di/dt  waveforms  obtained 
by  discharging  the  system  (charged  to  26.0  kV)  Into  a  4.5-ohm  resistive 
load  are  shown  In  figure  64.  The  time-dependent  load  resistance  and  the 
dissipated  energy  as  calculated  from  these  signals  are  shown  in  figure 
65.  The  observed  decrease  in  resistance  can  be  attributed  not  only  to 
the  negative  temperature  coefficient  of  resistivity,  but  also  to  an 
apparent  decrease  caused  by  the  RC  decay  in  the  signal  generated  by  the 
capacitive  voltage  divider. 

The  magnitude  of  the  error  associated  with  the  corrected  voltage 
waveform  was  estimated  by  first  calculating  the  time-dependent  relative 
error  for  a  particular  set  of  resistance  measurements.  The  averaged  error 
computed  for  five  successive  sets  of  diagnostic  waveforms  Is  shown  In 
figure  66.  The  time  base  in  this  presentation  corresponds  to  that  of  the 
diagnostic  waveforms  shown  in  figure  64.  The  error  limits  on  each  data 
point  represent  the  root-mean-square  error  of  the  five  measurements  for 
a  specific  instant  in  time. 
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Figure  66.  Error  In  Resistance  Measurement  - 
Data  Recorded  at  20  nsec/cm 
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To  calculate  the  expected  error  In  these  measurements  resulting 
from  the  RC  decay  of  the  voltage  divider,  the  measured  current  was 
approximated  by  a  sequence  of  ramp  and  square  waveforms.  The  correspond¬ 
ing  dl/dt  would  then  be  composed  of  a  series  of  square  waveforms.  Since 
both  the  inductance  Lj  and  the  resistive  properties  of  the  load  were 
known,  the  Idealized  voltage  waveform  could  be  calculated  from  equation 
(113).  Using  the  transform  function  for  the  voltage  divider  equivalent 
circuit,  the  hypothetical  voltage  waveform  generated  by  the  voltage 
divider  was  calculated.  After  removing  the  Lx  dl/dt  component,  the  volt¬ 
age  signal  was  divided  by  the  "Idealized"  current  waveform  to  yield  a 
theoretical  estimate  of  the  time  dependence  In  the  resistance  measure¬ 
ments.  The  results  of  this  calculation  are  shown  by  the  dashed  line  in 
figure  66. 

The  correlation  between  the  theoretical  and  experimental  error 
estimates  during  the  last  70  nanoseconds  of  the  pulse  confirmed  the 
dominance  o?  the  voltage  divider  error  throughout  this  time  Interval. 

The  rather  substantial  error  observed  during  the  first  20  nanoseconds 
was  related  to  the  correction  of  the  voltage  signal  to  remove  the  L, 
dl/dt  component.  The  magnitude  of  this  error  was  determined  by  the  need 
to  make  large  percentage  corrections  to  small  signal  amplitudes,  as  well 
as  the  rapid  time  variation  of  the  signal  amplitudes.  Small  errors  In 
the  relative  timing  between  voltage  and  dl/dt  Information  In  this  time 
Interval  would  therefore  result  In  the  observed  error. 

As  described  earlier,  the  procedure  employed  to  further  minimize 
time  base  error  dulng  the  leading  edge  of  the  pulse  was  to  simultaneously 
record  all  diagnostic  signals  on  a  second  set  of  oscilloscopes  which  had 
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been  set  vor  a  sweep  rate  of  10  nsec/cm.  The  results  of  a  similar 
error  analyslr  for  these  data  channels  Is  shown  in  figure  67.  Although 
the  error  at  the  leading  edge  was  Improved,  the  need  to  correct  compara¬ 
tively  small  voltage  amplitudes  to  remove  substantial  inductive  compo¬ 
nents  st*.  11  resulted  in  large  errors  during  the  first  10  nanoseconds  of 
the  pulse. 

Tne  error  limits  shown  throughout  the  remainder  of  this  report 
were  estimated  by  attributing  the  time  dependent  relative  error  shown 
in  figures  66  and  67  to  the  corrected  voltage  signal.  On  the  assumption 
that  the  Faraday  cup-calorimeter  produced  a  distortion-free  signal  pro¬ 
portional  to  the  dio'.e  current,  the  error  associated  with  the  current 
measurement  was  set  at  +3  percent  to  acknowledge  oscilloscope  and  data 
reduction  errors.  These  error  limits  were  considered  to  be  conservative, 
c.  Low- Resistance  Diode 

For  the  final  step  in  the  diagnostic  calibration,  the  accelerator 
was  terminated  In  the  low-resistance  diode  formed  by  placing  a  6.35-cm 
diameter  graphite  cathode  4.52  mm  from  the  graphite  disk  of  the  Faraday 
cup-calorimeter.  The  corrected  voltage  and  current  waveforms  obtained 
as  a  result  of  discharging  the  accelerator  (charged  to  26.0  kV)  into  this 
diode  are  shown  in  figure  68.  Using  the  data  from  these  waveforms,  the 
time  dependence  of  the  diode  resistance  and  the  energy  expended  in 
accelerating  the  electron  beam  were  calculated.  The  electrical  energy 
expended  prior  to  the  time  t  is  given  by  V(t)  I  (  t  )  dr.  The  resultant 
plots  of  these  parameters  are  shown  in  figure  69.  For  comparison,  the 
voltage  measured  across  the  thermocouples  within  the  calorimetric  disk  is 
shown  in  figure  70.  As  expected,  the  thermal  energy  deposited  in  the 
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Figure  68.  Corrected  Voltage  and  Current  Waveforms  Obtained  Using 
a  Low-Resistance  Diode  (Graphite  Cathode  -  6.35  cm  Diameter; 
Diode  Separation  -  4.52  mm) 
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Figure  69.  Diode  Resistance  and  electron  Beam  Energy 
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graphite  disk  (811  joules)  was  in  excellent  agreement  with  the  electri¬ 
cal  measurement  of  the  expended  energy  (798  joules).  The  less  than  2- 
percent  error  between  the  measurements  was  interpreted  as  a  satisfactory 
verification  of  previous  diagnostic  calibration. 

The  remainder  of  this  report  will  now  be  directed  toward  a 
detailed  description  of  diode  phenomenology  as  exemplified  by  the  time- 
dependent  resistance  shown  in  figure  69. 
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SECTION  VII 


DIODE  MODEL 


1.  INTRODUCTION 

By  synthesizing  and  extending  several  of  the  concepts  and  observa¬ 
tions  discussed  In  sections  II  and  III  of  this  report,  the  sequential 
processes  expected  to  determine  the  electron  flow  characteristics 

within  a  broad-area,  cold-cathode  diode  can  be  postulated.  Throughout 

>  I* 

this  development,  selection  of  the  operative  electron  emission  and 
vacuum  breakdown  phenomena  has  been  based  on  the  range  of  parameters 
encountered  within  the  high-aspect-ratio  diodes  employed  in  low- 
impedance,  electron  accelerators .  In  these  electron  beam  generators, 
the  accelerating  potential  between  the  diode  electrodes  is  produced  by 
a  fast  rise-time  voltage  pulse  of  short  duration.  Typically,  the 
applied  e^ctric  field  is  greater  than  10s  volts/cm,  and  the  pulse 
duration  is  much  less  than  1  microsecond.  In  general,  the  diode  con¬ 
figuration  consists  of  a  right-cylindrical  cathode  positioned  at  a 
distance  greater  than  1  millimeter  from  a  planar,  thin-foil  anode. 

In  addition  to  these  general  constraints,  no  attempt  has  been  made 
to  define  a  model  for  the  range  of  electron  flow  substantially  in 
excess  of  the  self-pinching  criterion.  With  the  moderate  characterise 
impedance  (Z0  =  4.7  ft)  and  the  limited  high-voltage  capability  (a  maxi¬ 
mum  of  320  kV  into  a  matched  load)  of  the  modified  Field  Emission 
pulsed-pcwer  system,  this  range  could  not  be  attained  experimentally. 
The  proposed  model  is  therefore  concerned  primarily  with  the  explosive 
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nature  of  Intense  field  emission,  the  dominant  plasma  effects  within 
the  diode,  and  the  mode  of  high-current  electron  flow  at  levels  less 
than  and  equal  to  the  critical  self-pinching  value. 

2.  PROPOSED  MODEL 

Any  proposed  diode  model  must  be  capable  of  predicting  the  time 
dependent  phenomena  which  determine  the  observed  features  of  the  accel¬ 
erated  electron  beam.  Since  many  of  these  features  are  manifested  In 
the  time  evolution  of  the  pulsed  accelerating  potential  and  t.he  diode 
current,,  the  following  discussion  will  be  directed  toward  a  detailed 
analysis  of  the  corrected  voltage  and  current  waveforms.  As  an  Initial 
example,  consider  the  corrected  voltage  and  current  waveforms  shown  In 
figure  71.  These  were  obtained  by  discharging  the  modified  Field 
Emission  system  Into  the  high-aspect-ratio  diode  formed  by  placing  a 
5.08-cm  diameter  graphite  cathode  a  distance  of  6.05  mm  from  a  planar 
graphite  anode. 

To  simplify  the  Initial  analysis,  the  possibility  of  space-charge 
neutralization  resulting  from  the  ionization  of  residual  background  gas 
was  removed  by  evacuating  the  diode  region  to  2  x  10" 5  torr.  Subsequent 

analysis  was  further  simplified  by  minimizing  the  probability  of  plasma 

♦ 

formation  at  the  anode  front  surface.  This  latter  simplification  was 
achieved  by  limiting  the  energy  content  of  the  electromagnetic  pulse 
incident  on  the  diode  to  approximately  60  percent  of  its  normal  value, 
and  by  maximizing  the  kinetic  energy  of  the  incident  electrons.  The 
reduction  in  energy  content  was  accomplished  by  limiting  the  system 
charging  voltage  to  20  kV,  while  the  increased  electron  kinetic  energy 
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Figure  71.  Corrected  Voltage  and  Current  Waveforms;  Graphite  Cathode: 
5.08-cm  Diameter;  Diode  Separation:  6,05  mm;  System  Charging  Voltage 

Reduced  to  20.0  kV 
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was  obtained  by  selecting  a  comparatively  high-resistance  diode 
configuration. 

As  seen  from  figure  71,  the  appearance  of  a  measurable  electron 
emission  from  the  cold  cathode  was  delayed  by  approximately  6  nano¬ 
seconds  relative  to  the  leading  edge  of  the  applied  voltage  pulse. 
Within  another  10  nanoseconds,  the  diode  resistance  had  dropped  from 
"Infinite"  to  14.5  ft.  The  dominant  processes  which  determine  this 
diode  transition  from  an  essentially  nonconducting  to  a  highly  conduct¬ 
ing  state  can  be  postulated  by  Invoking  several  of  the  concepts  derived 
from  the  study  of  high-voltage  vacuum  breakdown. 

The  sequential  breakdown  processes  at  the  cathode  surface  can  be 
summarized  as  follows.  The  Initial  emission  from  the  cold  cathode  sur¬ 
face  must  be  attributed  to  field  emission  from  the  tips  of  cathode 
whiskers  (Ref.  27).  As  the  accelerating  potential  continues  to  rise, 
the  field  emitted  current  density  will  increase  exponentially.  When 
the  current  density  exceeds  approximately  106  amperes/cm2,  the  applied 
field  acting  on  the  emitting  surface  will  be  substantially  reduced  by 
the  electron  space  charge  accumulating  in  the  vicinity  of  the  whisker 
top  (Ref.  31).  The  Intense  emitted  current  density  distinctive  of 
field  emission  must  also  generate  significant  resistive  and  Nottingham 
heating  within  the  cathode  protrusions.  The  combined  effects  of  space 
charge  limited  emission  and  excessive  heating  of  the  emitting  whiskers 
create  a  regenerative  thermal  Instability  which  can  result  In  the  rapid 
destruction  of  the  emission  site  (Ref.  49).  The  onset  condition  for 
the  Instability  has  been  correlated  with  the  whisker  tip  temperature 
reaching  a  value  corresponding  to  a  vapor  pressure  of  approximately 


10” 4  torr  (Ref.  21).  At  the  critical  temperature,  there  is  sufficient 
evaporation  and  subsequent  Ionization  of  the  tip  material  to  partially 
neutralize  the  electron  space  charge.  As  the  space  charge  suppression 
of  the  applied  field  is  removed,  the  emitted  current  density  and  hence 
the  resistive  heating  will  rapidly  increase  with  a  catastrophic  effect. 

Under  steady-state  or  long  pulse  conditions,  the  emitted  current 
density  required  to  heat  the  tip  of  a  typicai  whisker  to  the  critical 
temperature  may  range  from  10®  to  10s  amperes/cm2,  depending  upon  the 
cathode  material  and  the  whisker  size  and  shape.  Since  the  field 
emitted  current  density  is  exponentially  dependent  on  the  surface  elec¬ 
tric  field,  the  corresponding  breakdown  field  is  limited  to  the  rather 
narrow  range  extending  from  5  x  107  to  8  x  107  volts/cm.  If  the  dura¬ 
tion  of  the  applied  pulse  is  short  compared  to  a  microsecond,  the 
critical  breakdown  field  will  be  somewhat  higher. 

Once  the  critical  tip  temperature  has  been  exceeded,  the  emitting 
projections  will  rapidly  explode  to  form  cathode  flares  (Ref.  43). 
Following  the  destruction  of  the  initial  emission  sites,  the  flare 
plasmas  will  continue  to  expand  at  a  constant  velocity.  The  electron 
flow  subsequent  to  flare  formation  is  then  determined  by  space-charge- 
limited  emission  from  the  expanding  surface  of  the  cathode  flares. 

If  the  applied  field  is  of  sufficient  magnitude,  the  concentration 
of  flares  on  the  cathode  surface  will  be  sufficiently  dense  that  the 
flare  plasmas  can  rapidly  merge  to  form  a  uniform  plasma  she«.th  cover¬ 
ing  the  entire  cathode  surface.  Once  the  plasma  sheath  has  formed,  the 
electron  flow  within  the  diode  can  be  described  as  space-charge-limited 
emission  from  a  constantly  expanding  plasma  cathode.  Given  the  range 

206 


i 


of  applied  fields  generally  encountered  in  the  diodes  of  cold-cathode, 
relativistic  electron  accelerators,  the  sequence  described  above  can  be 
completed  within  several  nanoseconds.  The  remainder  of  this  section 
will,  therefore,  be  concentrated  on  a  correlation  of  observed  diode 
response  with  the  model  proposed  above, 
a.  Microscopic  Effects 

Since  the  present  study  was  constrained  to  the  use  of  broad- 
area  cathodes  under  the  operational  conditions  encountered  within  the 
diode  of  a  pulsed,  high-current,  electron  accelerator,  the  microscopic 
processes  which  initiate  the  transition  to  breakdown  could  not  be 
directly  observed.  However,  the  macroscopic  ramifications  of  these 
processes  can  be  enumerated  and  their  correlation  with  several  of  the 
observed  features  of  the  Initial  diode  response  determined.  As  shown 
in  figure  71,  the  initial  diode  response  was  distinguished  by  a  several 
nanosecond  delay  between  the  initial  rise  in  the  applied  field,  and  the 
emission  of  a  significant  electron  current.  Within  the  next  several 
nanoseconds,  the  diode  resistance  rapidly  dropped  to  a  finite  value  on 
the  order  of  that  predicted  by  the  infinite-planar,  Child-Langmuir 
theory.  The  existence  of  this  transition,  its  timing  relative  to  the 
corrected  voltage  waveform,  and  the  resistance  to  which  the  diode 
evolved  must  therefore  be  evaluated  for  their  correlation  with  the 
consequences  of  cathode-initiated  vacuum  breakdown. 

In  considering  the  initial  electron  flow  in  the  diode,  the 
presence  of  the  cathode  whiskers  has  the  effect  of  not  only  enhancing 
the  applied  field  by  factors  perhaps  as  large  as  several  hundred,  but 
also  constraining  the  resultant  emission  to  the  whisker  tips  where  the 


surface  field  Is  most  enhanced.  The  total  field  enhancement  encoun¬ 
tered  across  the  face  of  the  right-cylindrical  cathode  used  to  obtain 
the  waveforms  presented  In  figure  71  can  be  estimated  by  combining  the 
microscopic  and  macroscopic  enhancement  curves  shown  In  figures  5  and 
7,  respectively.  Near  the  diode  axis,  the  field  at  the  whisker  tips  Is 
given  by  iiijE.  For  the  diode  separations  of  interest,  the  microscopic 
enhancement  factor  mx  should  vary  from  perhaps  200  to  300. 

The  field  encountered  at  the  cathode  periphery  would  be  further 
enhanced  by  the  presence  of  the  edge.  To  estimate  the  magnitude  of 
this  enhancement,  the  average  radius  of  curvature  at  the  edge  was 
measured  to  be  9  x  10"3  cm.  From  figure  7,  the  macroscopic  enhancement 
m2  at  the  edge  would  therefore  be  approximately  5.4.  The  total  field 
enhancement  experienced  by  microprojections  along  the  cathode  perimeter 
would  then  be  equal  to  the  product  of  the  microscopic  and  macroscopic 
enhancements.  The  microscopic  field  at  the  perimeter  is  therefore 
given  by  mim2E.  With  total  field  enhancements  on  this  order,  the 
apparent  contradiction  of  significant  field  emission  with  applied 
fields  ranging  from  10s  volts/cm  to  106  volts/cm  is  removed. 

With  the  electron  emission  constrained  to  the  whisker  tips  dur¬ 
ing  the  initial  phase  of  the  diode  response,  the  magnitude  of  the  stable 
field  emission  can  be  estimated  by  specifying  reasonable  limits  to  the 
number  and  physical  size  of  the  emission  sites.  Reported  estimates  for 
the  concentration  of  emission  sites  have  ranged  from  approximately  1 

whisker/cm3  to  perhaps  104  whisker/cm2.  Observed  microprojections  have 

* 

typically  been  on  the  order  of  1  micron  in  height  with  a  base  radius  of 
approximately  0.1  micron.  The  shapes  of  these  whiskers  were  such  that 
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the  mean  radius  of  the  emission  area  at  the  tip  would  be  smaller  than 
the  base  radius.  To  complete  the  estimate,  the  emitted  current  density 
cannot  exceed  the  range  10®  to  108  amperes/cm2  if  the  whiskers  are  to 
remain  thermally  stable.  By  combining  these  estimates,  the  average 
current  density  observed  at  the  anode  during  the  stable  field  emission 
phase  of  the  diode  response  can  be  expected  to  range  from  microamperes/ 
cm2  to  perhaps  amperes/cm2.  Since  the  current  densities  generally 
associated  with  the  operation  of  low- impedance,  pulsed-electron  accel¬ 
erators  are  on  the  order  of  tens  of  kiloamperes/cm2,  the  measured  diode 
resistance  must  be  effectively  "infinite",  while  the  emission  is 
limited  to  the  microscopic  area  of  the  whisker  tips. 

For  the  cathode  emission  to  evolve  beyond  the  stable  field 
emission  phase,  the  microscopic  field  at  the  whisker  tips  must  at  least 
exceed  the  critical  steady-state  breakdown  value.  The  time  delay 
required  for  the  most  intensely  emitting  whiskers  to  reach  the  lower 
limit  of  the  range  in  steady-state  breakdown  field  can  be  estimated  by 
applying  the  enhancement  factors  derived  above  to  the  corrected  voltage 
waveform.  When  these  estimates  are  combined  with  the  measured  electrode 
separation,  the  microscopic  field  at  the  tips  of  whiskers  located  along 
the  cathode  perimeter  will  equal  5  x  107  volts/cm  when  the  corrected 
voltage  has  risen  to  the  range  2  x  104  to  3  x  104  volts.  As  seen  from 
figure  71,  the  corrected  voltage  passed  through  these  points  from  3  to 
4  nanoseconds  before  the  onset  of  first  measurable  current.  The  absence 
of  measurable  electron  emission  during  the  first  several  nanoseconds  of 
the  voltage  pulse  would  therefore  be  consistent  with  the  assumption  of 
field  emission  from  the  tips  of  cathode  microprojections. 
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Once  the  applied  field  has  exceeded  the  critical  steady-state 
breakdown  value,  the  destruction  of  the  emission  sites  must  follow. 

The  timing  of  this  explosive  destruction  relative  to  the  applied  voltage 
waveform  is  determined  by  the  transient  heating  processes  within  the 
whisker.  A  quantitative  measure  of  the  breakdown  delay  is  available 
from  the  Soviet  study  (Ref.  44)  which  reported  the  time  delay  observed 
between  the  application  of  a  square-wave  voltage  pulse  and  the  initial 
formation  of  cathode  flares.  As  seen  in  figure  14,  this  delay  was  a 
sensitive  function  of  the  applied  field,  but  only  moderately  dependent 
on  cathode  material.'- 

Refore  this  breakdown  delay  data  can  be  used  to  estimate  the 
onset  of  measurable  current  flow  within  the  diode,  two  complicating 
factors  must  be  considered.  First,  the  microscopic  field  acting  at  the 
whisker  tips  was  not  known  in  either  experiment  because  of  the  use  of 
broad-area  cathodes.  Secondly,  the  shape  of  the  voltage  waveforms  were 
different  during  the  transition  to  breakdown.  Where  the  voltage  pulse 
in  the  Soviet  experiment  had  a  1 -nanosecond  rise  time,  the  diode  voltage 
continued  to  increase  lineraly  with  time  during  the  interval  of  interest. 

To  overcome  the  initial  complication,  the  Alpert  field  enhance¬ 
ment  data  were  used  in  both  cases  to  estimate  the  corresponding  micro¬ 
scopic  elec&rlc  field.  From  figure  5,  gap  spacings  of  a  few  tenths  of 
a  millimeter  should  have  resulted  in  microscopic  enhancement  factors  of 
about  100.  Since  the  electrodes  in  the  Soviet  experiment  were  configured 
to  suppress  any  macroscopic  enhancement,  no  additional  enhancement  need 
be  considered.  Using  the  factor  of  100,  a  microscopic  field  in  excess 
of  8  x  107  volts/cm  would  be  required  to  produce  a  breakdown  delay  of 


210 


I 


less  than  3  nanoseconds.  From  the  measured  values  of  the  corrected 
voltage  and  the  enhancement  factors  derived  earlier,  the  microscopic 
field  at  the  tips  of  the  cathode  whiskers  located  along  the  cathode 
edge  was  estimated  to  be  in  the  range  of  5  x  10 7  to  7 . fi  x  10 7  volts/cm 
at  3  nanoseconds  prior  to  the  onset  of  measurable  current.  At  the 
Instant  of  first  measurable  current,  the  microscopic  field  would  have 
been  in  the  range  of  1  x  108  to  1.8  x  108  volts/cm.  Regardless  of  the 
difference  in  voltage  waveform,  these  estimates  were  certainly  consist¬ 
ent  with  the  assumption  of  the  initial  flare  formation  at  the  cathode 
periphery  being  coincident  with  the  onset  of  measurable  current. 

If  the  onset  of  first  measurable  current  was  coincident  with 
the  initial  flare  formation,  the  rapid  increase  in  the  diode  current 

during  the  next  15  to  .20  nanoseconds  must  be  related  to  subsequent 

k  f 

flare  formation  across  the  remainder  of  the  cathode  face.  For  this  to 
be  true,  the  microscopic  field  a't  ^he'tips  of  whiskers  located  near  the 
diode  axis  must  increase  to  values^in  excess  of  approximately  6  x  107 
volts/cm  (corresponding  to  breakdown  delays  of  less  than  5  nanoseconds) 
during  the  same  time  interval.  Fourteen  nanoseconds  into  the  pulse, 
the  diode  voltage  was  measured  to  be  2.08  x  105  volts.  This  would 
correspond  to  an  estimated  microscopic  field  on  the  order  of  1.1  x  108 
volts/cir. 

b.  Macroscopic  Effects  * 

Several  elements  from  the  preceding  description  of  the  macro¬ 
scopic  events  on  the  cathode  surface  can  now  be  combined  to  provide  a 
model  for  the  diode  response  throughout  the  remainder  of  the  pulse. 
Subsequent  to  flare  formation,  Mesyats  has  shown  the  effective  emission 
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surface  to  be  that  of  the  expanding  cathode  flare.  If  the  concentra¬ 
tion  of  tnermally  unstable  emission  sites  is  sufficiently  high,  the 
rapid  merger  of  the  resultant  flares  would  form  a  plasma  sheath  cover¬ 
ing  the  entire  cold-cathode  surface.  Assuming  the  expansion  velocity, 
v,  to  be  constant,  the  effective  plasma  cathode  would  then  move  toward 
the  anode  at  a  constant  rate. 

Applying  the  concept  of  a  plasma  cathode,  the  effective  emitting 
surface  within  the  diode  at  time  t  following  the  initial  flare  formation 
could  be  expected  to  appear  as  shown  in  figure  72.  By  this  time,  the 
flares  located  on  the  cathode  face  would  have  expanded  to  form  a  planar 
plasma  surface  located  a  distance  vt  from  the  original  cathode  surface. 
Similarly,  flares  on  the  circumferential  edge  would  have  expanded 
radially  to  form  a  half  torus  of  minor  radius  vt.  The  voltage  gradient 
along  the  surface  of  the  torus,  and  hence  the  emitted  current  density, 
will  decrease  as  the  angle  9  increases.  No  attempt  has  been  made  to 
specify  this  dependence.  Rather,  an  effective  emitting  surface 
described  by  that  segment  of  the  torus  surface  where  9  is  less  than 
45  degrees  was  assumed.  As  a  final  assumption,  the  emitted  current 
densities  from  the  planar  and  circumferential  regions  were  assumed  to 
be  uniform  and  equal. 

According  to  Mesyats,  the  electron  emission  from  the  expanding 
plasma  surface  was  space-charge- limited.  Assuming  this  to  be  true,  the 
diode  perveance  would  be  a  viable  concept.  An  appropriate  perveance 
expression  for  the  cathode  surface  shown  In  figure  72  must  Include  terms 
to  describe  the  effects  of  electron  flow  from  the  circular  face,  as  well 
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Figure  72.  Schematic  of  the  Plasma  Cathode 
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as  the  circumferential  edge.  Moreover,  the  time  dependence  resulting 
from  the  plasma  expansion  must  also  be  included. 

The  effects  of  edge  emission  can  easily  be  incorporated  by 
noting  the  geometrical  similarity  between  the  envelope  of  peripheral 
electron  trajectories  shown  in  figure  72,  and  a  segment  of  electron 
flow  between  concentric  cylindrical  electrodes  enclosed  by  an  anqle  6. 
The  perveance  of  electron  flow  in  a  coaxial  diode  was  previously  given 
in  equation  (58).  Since  only  the  segment  enclosed  by  6  is  of  interest, 
the  appropriate  perveance  expression  for  the  edge  emission  would  be  as 
follows. 


Pedge  *  <W2  ">  PcyMnder  024) 

Using  the  notation  from  figure  72,  equation  (124)  can  be  combined  with 
equation  (59)  to  yield 


14.66  x  10“6 
- g - 


(125) 


where  (shown  in  figure  20)  is  now  a  function  of  d0/vt. 

Following  a  similar  argument,  an  appropriate  perveance  expres¬ 
sion  for  the  electron  flow  in  the  planar  region  of  the  diode  can  be 
derived  from  the  infinite  planar  Child-Langmuir  equation.  Substituting 
the  dimensions  given  in  figure  72  resulted  in  the  following  relation. 


Pplanar  *  2*33  *  10“‘  ^26) 

where  d  is  the  effective  diode  separation,  and  is  set  equal  to  dQ  -  vt. 
To  complete  the  derivation,  the  perveance  of  the  total  electron  flow 
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from  the  cathode  edge  and  face  is  equal  to  the  sum  of  the  component 
perveances. 

Pdiode  '  Pplanar  +  Pedge 

The  experimental  perveance  for  the  5.08-cm  diameter  graphite 
opposite  the  planar  anode  was  derived  from  the  corrected  voltage  and 
current  waveforms  presented  in  figure  71.  A  comparison  between  the 
experimental  perveance  and  that  predicted  by  equation  (127)  is  shown 
in  figure  73.  A  best  fit  for  the  theoretical  model  was  obtained  by 
assuming  the  flare  expansion  velocity  to  be  2.5  ±0.1  x  10*  cm/sec, 

In  the  figure,  the  edge  perveance  is  given  separately.  One  notes  a 
discontinuity  In  the  experimental  perveance  whan  the  formation  of  the 
plasma  sheath  at  the  cathode  periphery  is  completed  and  the  emission 
from  that  region  becomes  space-charge- 11ml ted.  During  the  next  10  to 
12  nanoseconds,  the  perveance  continues  to  increase  as  the  flare  for¬ 
mation  extends  over  the  remainder  of  the  cathode  face.  The  excellent 
agreement  between  theory  and  experiment  throughout  the  remainder  of 
the  pulse  is  indicative  of  space-charge-limited  electron  emission  from 
an  effective  plasma  cathode  which  expanded  toward  the  anode  at  a  con¬ 
stant  rate  of  2.5  x  10*  cm/soc.  For  the  sake  of  a  later  comparison, 
the  Child-Langniulr  perveance  for  the  planar  portion  of  the  cold  cathode 
surface  has  been  included  in  figure  73. 

In  developing  the  perveance  model  which  resulted  In  equation 
(127),  the  emitted  current  densities  from  the  planar  and  circumferen¬ 
tial  regions  were  assumed  to  be  uniform  and  equal.  Additionally,  the 
emitting  segment  of  the  half  torus  was  assumed  to  be  approximately  45 
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deqrees.  To  verify  these  assumptions*  the  Faraday  cup-calorimeter  was 
replaced  on  the  anode  plane  by  the  graphite  attenuator/plastic  scintil¬ 
lator  assembly  shown  schematically  In  figure  57.  The  time-integrated 
current  density  distribution  was  then  recorded  by  photographing  the 
optical  emissions  from  the  Pilot  B  using  an  open-shutter  camera.  The 
resultant  photograph  Is  shown  In  figure  74.  To  provide  a  more  quanti¬ 
tative  measure  of  the  current  density  distribution,  an  optical  densi¬ 
tometer  scan  along  an  Image  diameter  is  presented  in  figure  75.  The 
sharp  peaks  at  either  extreme  of  the  scan  corresponded  to  the  edge  of 
the  7.62-cm  diameter  scintillating  disk,  and  served  as  a  useful  dimen¬ 
sional  reference. 

As  seen  from  the  densitometer  scan,  the  current  density  distri¬ 
bution  exhibited  a  certain  amount  of  structure.  Nevertheless,  the 
averaged  distribution  varied  by  only  ±  15  percent  from  center  to  edge. 
The  full  width  at  half  maximum  of  the  distribution  was  measured  to  be 
6.28  cm.  The  distribution,  therefore,  extended  approximately  6.0  mm 
beyond  the  cathode  radius.  An  extension  of  this  magnitude  would 
correspond  to  9  being  equal  to  44.8  degrees. 

An  assumption  implicit  to  the  derivation  of  the  perveance 
expressions  combined  in  equation  (127)  was  that  the 'electron  trajec¬ 
tories  within  the  diode  are  parallel  to  the  electrostatic  lines  of 
force.  For  this  assumption  to  be  valid  when  dealing  with  high-current 
electron  flow,  the  self-magnetic  forces  acting  on  the  electrons  must 
be  negligible.  A  criterion  for  evaluating  the  effects  of  the  self- 
magnetic  force  has  been  derived  by  using  the  dimensionless  electron 
beam  parameter  v/y  to  relate  the  critical  setf'-pinching  current  to  the 
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diode  geometry.  Using  this  relation,  the  self-magnetic  forces  acting 
within  the  diode  will  become/  dominant  when  the  v/y  of  the  electron  beam 
exceeds  one-half  the  diode  aspect  ratio,  l.e.,  v/y  >  r0/2d.  For  the 
diode  considered  above,  the  experimental  v/y  at  the  instant  of  maximum 
current  was  1.9.  If  the  effective  emission  surface  Is  indeed  defined 
by  an  expanding  plasma  sheath,  the  diode  aspect  ratio  must  be  time 
dependent.  Assuming  the  expansion,  velocity  as  determined  by  the  per- 
veance  analysis  to  be  2.5  x  106  (fin/sec,  the  r0/2d  for  the  diode  at  the 
instant  of  maximum  current  would  -be  2.54.  Since  r0/2d  >  v/y,  the  elec¬ 
tron  beam  was  not  expected  to  exhibit  significant  pinching  within  the 
diode,  and  the  effects  of  the  self-magnetic  forces  on  the  diode  per- 
veance  would  therefore  be  negligible. 

In  closing  the  discussion  of  this  particular  diode,  a  final 
observation  is  worthy  of  note.  As  seen  in  figure  74 ,  the  emitted 
electron  density  distribution  from  the  region  of  the  sharp  cathode 
edge  exhibited  a  distinctive  pattern  of  radial  striations.  As  stated 
by  Bradley  et  al .  (Ref.  76),  such  striations  are  associated  with  elec¬ 
tron  emission  from  all  sharp  edge  cathodes.  The  striations  were 
orthogonal  to  the  cathode  edge  and  always  had  the  same  spatial  fre¬ 
quency  for  a  given  edge  geometry.  According  to  Toepfer  and  Bradley 
(Ref.  77),  the  observed  striations  are  dependent  on  the  existence  of  a 
plasma  emission  surface,  and  are  consistent  with  a  tearing  instability 
of  the  plasma  near  the  cathode  surface, 
c.  Anode  Effects 

In  the  Initial  diode  experiment,  the  accelerated  electron  beam 
characteristics  were  carefully  chosen  to  avoid  the  complicating  effects 

219 


I 

of  plasma  formation  at  the  anode,  and  diode  self-pinching.  Since  these 

effects  are  normally  significant,  a  second  diode  experiment  will  now  be 

considered  in  which  the  diode  parameters  were  selected  to  enhance  the 

anode  front-surface  dose,  and  to  decrease  the  diode  resistance.  To 

achieve  the  desired  effects,  the  same  5.08-cm  diameter  graphite  cathode 

was  moved  to  within  2.79  mm  of  the  graphite  anode.  The  system  charging 

■  ri 

voltage  was  then  increased  to  26.0  kV.  As  before,  the  diode  region  was 
evacuated  to  a  pressure  of  2  x  10“ 5  torr.  The  corrected  voltage  and 
current  waveforms  which  resulted  are  shown  in  figure  76. 

Tne  relative  timing  observed  between  the  onset  of  first  measur¬ 
able  current  and  the  initial  rise  in  the  voltage  pulse  was  again  con¬ 
sistent  with  the  thermal  instability  proposed  by  Dyke  et  al.,  and  the 
breakdown  delay  measurements  by  Mesyats  et  al.  By  assuming  the 
enhancement  factor  at  the  edge  to  be  three  and  the  microscopic  enhance¬ 
ment  to  vary  from  200  to  300,  the  emission  from  whiskers  located  at  the 
cathode  periphery  would  be  expected  to  become  space-charge- limited  1  to 
2  nanoseconds  before  the  onset  of  first  measurable  current.  At  the 
Instant  of  initial  flare  formation,  the  voltage  on  the  diode  was  approx¬ 
imately  0  x  10“  volts.  Using  the  higher  value  for  the  microscopic 
enhancement  factor,  this  would  correspond  to  a  microscopic  field  strength 
of  approximately  1.3  x  10fi  volts/cm.  From  the  Mesyats  breakdown  data, 
a  field  of  that  magnitude  would  result  in  a  delay  of  less  than  a  nano¬ 
second.  As  In  the  discussion  of  the  first  example,  the  conversion  from 
macroscopic  to  microscopic  fields  in  interpreting  the  breakdown  curve 
was  accomplished  by  assuming  an  enhancement  factor  of  100.  Following 
the  initial  breakdown,  flare  formation  would  spread  rapidly  across  the 
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cathode  face  as  the  voltage  continued  to  rise.  When  the  formation  of 
the  cathode  plasma  sheath  was  completed,  the  electron  flow  in  the  diode 
would  be  space-charge-limited. 

In  the  first  diode  experiment,  the  space-charge  limitation  was 
characterized  by  a  time  varying  perviance  determined  by  the  constant 
expansion  rate  of  the  effective  plasma  cathode.  As  seen  in  figure  77, 
this  simple  description  was  valid  in  the  second  experiment  for  only  the 
time  interval  extending  from  30  to  65  nanoseconds.  Beyond  65  nano¬ 
seconds,  the  experimental  perveance  Increased  more  rapidly  than 
predicted. 

One  possible  explanation  for  this  discrepancy  would  be  the  for¬ 
mation  of  an  anode  plasma,  the  expansion  of  which  would  increase  the 
effective  rate  of  diode  closure.  Working  from  this  assumption,  the 
predicted  cathode  plasma  expansion  velocity  was  derived  by  obtaining  a 
best  fit  for  the  theoretical  perveance  model  to  the  experimental  data 
between  30  and  65  nanoseconds.  The  displacement  of  the  postulated 
anode  plasma  was  then  numerically  unfolded  from  the  experimental  data 
throughout  the  remainder  of  the  pulse,  and  plotted  with  the  predicted 
cathode  motion  in  figure  79. 

To  test  the  validity  of  these  assumptions,  streak  photographs 
were  taken  with  the  slit  parallel  to  the  diode  axis.  The  appropriate 
photograph  is  shown  In  figure  78.  The  comparison  shown  in  figure  79 
was  then  completed  by  superimposing  the  displacement  of  the  electrode 
plasma  luminosity  on  the  displacements  unfolded  from  the  perveance  data. 
Although  the  relation  of  the  luminous  front  to  the  plasma  front  is  not 
clear,  the  qualitative  correlation  shown  in  figure  79  supports  the 
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Fiqure  77.  Perveance  Comparison  for  the  Diode  Formed  by  Positioning  a  5.08-cm  Diameter 
Graphite  Cathode  a  Distance  of  2.79  mn  from  a  Planar  Anode 
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Figure  78.  Streak  Photograph  of  Plasma  Motion 
within  Diode 
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assumption  of  initial  cathode  motion  followed  at  some  later  time  by 
anode  plasma  formation  and  expansion. 

Since  the  incident  electron  flux  and  the  electron  kinetic 
energy  were  known  as  a  function  of  time,  the  time  dependence  of  the 
front  surface  dose  deposited  in  the  anode  could  be  computed  using  the 
procedure  described  by  Spencer  {Ref.  78).  If  the  deviation  between 
the  experimental  and  theoretical  perveance  values  can  be  attributed  to 
the  formation  of  an  anode  plasma,  the  absorbed  front-surface  dose 
required  to  produce  the  plasma  could  then  be  noted.  Having  surveyed 
the  results  of  the  various  diode  configurations  which  Incorporated  a 
graphite  anode,  the  front-surface  dose  which  corresponded  to  a  diver¬ 
gence  in  the  perveance  comparison  was  found  to  vary  from  8U  to  I kfO 
cal /cm.  Since  this  range  in  absorbed  dose  is  more  than  an  order  of 
magnitude  less  than  that  required  to  vaporize  graphite,  the  source  of 
the  observed  anode  plasma  was  assumed  to  be  adsorbed  gases. 

Severe  self-pinching  of  the  electron  beam  within  the  diode 
would  rapidly  increase  the  diode  resistance  and  decrease  the  perveance. 
Although  tne  maximum  value  of  the  experimental  v/v  was  approximately 
twice  the  r0/2do  of  the  diode  configuration,  no  such  decrease  was 
observed  in  the  perveance  data  presented  iri  figure  77.  lo  resolve  this 
discrepancy,  the  experimental  v/y  of  the  electron  beam  was  compared 
with  the  time  dependent  r0/2d(t)  derived  from  the  effective  gap  separa¬ 
te  ©h  which  had  in  turn  been  unfolded  from  the  perveance  analysis.  As 
seen  in  figupe  80,  the  experimental  v/y  never  exceeded  the  r0/2d(t). 
Severe  self-pinching  should,  therefore,  not  have  occurred  and  the 

I 

electron  trajectories  should  have  been  predominantly  para-axial. 
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To  further  substantiate  the  absence  of  severe  self-pinching, 
the  time  dependent  current  density  distribution  at  the  anode  plane  was 
monitored  by  taking  a  streak  photograph  of  the  optical  emissions  from 
the  attenuator/scintillator  assembly.  The  limited  spatial  resolution 
Inherent  in  the  image-converter  photograph  was  partially  overcome  by 
taking  a  simultaneous  open-shutter  photograph  of  the  same  image.  The 
resultant  photographs  are  shown  in  figure  81.  A  more  quantitative 
measure  of  the  time-integrated  current  density  distribution  was  pro¬ 
vided  by  the  optical  densitometer  scan  shown  in  figure  82. 

A  careful  time  correlation  of  the  streak  photograph  with  the 
corrected  voltage  waveform  confirmed  that  the  exposure  in  both  photo¬ 
graphs  corresponded  to  the  33-nanosecond  v  terval  extending  from  29  to 
62  nanoseconds  during  which  the  accelerating  potential  was  at  its  maxi¬ 
mum  value.  Examination  of  the  streak. ^photograph  revealed  a  6  percent 
reduction  in  the  beam  radius  during  this  interval.  A  decrease  of  that 
magnitude  was  judged  to  have  a  minimal,  if  not  undetectable,  effect  on 
the  measured  diode  perveance,  since  it  would  affect,  primarily  the  edge 
emission.  As  in  the  first  example,  the  beam  radius  at  the  anode  was  in 
reasonable  agreement  with  the  assumed  emission  angle  of  45  degrees  at 
the  cathode  periphery.  Specifically,  the  value  of  0  corresponding  to 
the  distribution  shown  in  figure  82  was  49.8  degrees. 

3.  OPERATIONAL  DIODES 

The  desired  operation  characteristics  of  the  accelerator  required 
the  definition  of  a  diode  configuration  which  would  produce  an  electron 
beam  with  maximum  current  density  and  electron  kinetic  energies  in 
excess  of  200  keV.  Moreover,  the  beam  was  to  be  capable  of  uniformly 
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Figure  83.  Corrected  Voltage  and  Current  Waveforms;  Graphite  Cathode: 
2.54-cm  Diameter;  Anode:  1/4-mll  Aluminized  Mylar;  Diode  Separation: 
3.68  mm;  System  Charging  Voltage:  26.0  kV 
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nanoseconds  of  the  current  pulse)  would  have  been  approximately  560 
cal/gm.  To  support  the  assumption  of  space-charge-limited  flow, 
unrestricted  by  the  effects  of  self-magnetic  field,  the  experimental 
v/y  is  shown  in  figure  85.  Since  the  v/y  of  the  beam  remained  less 
than  the  time  dependent  r0/2d,  self-pinching  could  not  have  occurred. 

By  reducing  the  electrode  separation  from  3.68  mm  to  2.56  mm,  the 
initial  diode  aspect  ratio  was  increased  from  3.45  to  4.96,  and  the 
resistance  was  reduced  by  a  factor  of  two.  The  corrected  voltage  and 
current  waveforms  which  characterized  the  response  of  the  lower  resist¬ 
ance  diode  are  shown  in  figure  86.  The  experimental  values  for  the 
diode  permeance,  derived  from  these  waveforms,  are  plotted  in  figure 
87. 

In  contrast  to  the  previous  examples  of  diode  perveance  which 
increased  monotonically  in  time,  the  present  diode  exhibited  a  distinc¬ 
tive  decrease  below  the  theoretically  predicted  values  at  about  the  time 
the  current  reached  its  maximum  value.  For  the  perveance  to  decrease 
below  a  value  determined  by  the  diode  geometry,  the  electron  flow  had 
to  be  restricted  by  an  effect  not  included  in  the  space  charge  deriva¬ 
tion.  Should  the  v/y  of  the  electron  beam  exceed  one-half  the  time 
dependent  diode  aspect  ratio,  beam  self-pinching  within  the  diode  would 
disrupt  the  paraxial  flow,  and  result  In  an  increased  resistance.  As 
seen  from  figure  88,  the  experimental  v/y  did  in  fact  exceed  r0/2d{t) 
a  few  nanoseconds  before  the  decrease  in  perveance  was  observed. 

Meaningful  streak  photographs  of  the  current  density  distribution 
could  not  be  taken  because  of  the  Inability  of  the  thin  attenuator 
foils  to  protect  the  scintllator  from  the  intense  electron  beam 

232 


yas&.-: 


v/Y  - — 

•'o/^dQ - 

r0/2d  (1)  — 


Time  (Nanoseconds) 

Figure  85.  \>/y  and  Resistance  Derived  from  Corrected  Voltage 
and  Current  Waveforms;  Graphite  Cathode:  2.54-cm  Diameter; 
Anode:  1/4-mll  Aluminized  Mylar;  Diode  Separation:  3.68  mm 
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Figure  8b.  Corrected  Voltege  end  Current  Waveforms;  Graphite  Cathode: 
2,54-cm  Diameter;  Anode:  1/4-mll  Aluminized  Itylar; 

Diode  Separation:  2.56  mm;  System  Charging  Voltage:  26.0  kV 
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generated  in  this  configuration.  Nevertheless,  qualitative  evidence 
of  the  pinch  was  obtained  by  placing  an  aluminum  witness  plate  on  the 
anode  plane  In  a  separate  experiment.  Examination  of  the  damage  pat¬ 
tern  Indicated  an  enhanced  energy  deposition  at  radii  less  than  approx¬ 
imately  7  mm.  The  transition  from  classical  space-charge-limited  flow 
was  therefore  Interpreted  as  being  indicative  of  the  onset  of  self- 
pinching.  Since  this  transition  occurred  within  a  few  nanoseconds 
after  the  diode  current  exceeded  the  critical  value,  the  self-pinching 
criterion  proposed  by  Frledlander  et  al .  (Ref.  15)  can  be  considered 
deflnltl ve. 

Careful  examination  of  the  diode  resistance  shown  in  figure  88 
indicated  the  probable  existence  of  anode  plasma  expansion.  Approxi¬ 
mately  20  nanoseconds  after  the  onset  of  self-pinching,  the  diode 
resistance  began  to  fall  at  an  increased  rate.  Extrapolating  from  the 
rate  of  closure  determined  by  the  cathode  motion,  the  diode  would  have 
become  a  short  circuit  at  approximately  129  nanoseconds  on  the  common 
time  bare.  In  actuality,  the  resistance  had  decreased  to  zero  by  104 
nanoseconds.  To  account  for  the  increased  rate  of  closure,  the  exist¬ 
ence  of  an  expanding  anode  plasma  must  be  assumed,  even  though  its 
effect  on  the  observed  perveance  was  masked  by  the  self-pinching.  If 
the  Inltia1  expansion  of  the  anode  plasma  were  assumed  to  correspond  to 
the  rapid  decrease  In  resistance  at  approximately  85  nanoseconds,  the 
critical  absorbed  dose  would  be  on  the  order  of  600  cal/gm. 
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SECTION  VIII 


GENERAL  OBSERVATIONS  AND  COMPARISONS 
WITH  PREVIOUS  RESULTS 

1.  INVARIANCE  OF  PERVEANCE  TO  APPLIED  VOLTAGE 

Early  observations  of  space-charge-limited  flow  within  low- resistance 
planar  diodes  were  based  on  qualitative  agreement  between  the  diode 
resistance  measured  at  the  instant  of  maximum  current,  and  the  resist¬ 
ance  predicted  by  a  simple  modification  to  the  infinite-planar  Child- 
Langmuir  equation.  Using  the  Chi Id-Langmuir  formulation,  the  diode 
resistance  R  in  ohms  was  predicted  to  be 

R  =  136  x  103  V"l/2  (128) 

where  V  is  the  voltage  corresponding  to  the  maximum  current  in  volts, 
and  dQ  and  rQ  are,  respectively,  the  physical  dimensions  of  the  electrode 
separation  and  cathode  radius.  If  the  electron  flow  were  space-charge- 
limited,  R yV,  the  reciprocal  of  the  diode  perveance,  would  vary  linearly 
with  dQ2  for  a  given  cathode  geometry,  and  be  independent  of  the 
amplitude  of  the  accelerating  potential. 

To  relate  the  present  analysis  to  the  results  of  the  previous  studies 
(see  for  example  figure  23),  the  data  obtained  by  varying  the  relative 
position  of  a  6.35-cm  diameter  graphite  cathode  to  a  planar  graphite 
anode  from  1 .28  mm  to  9.22  mm  are  presented  in  figure  89.  With  the 
exception  of  the  data  point  at  dQ2  equal  to  0.88  cm2,  the  data  were  In 
reasonable  agreement  with  the  predicted  linear  dependence  on  d^2.  As 
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noted  In  the  early  studies,  the  slope  of  the  line  which  provided  the 
best  fit  v/ith  the  experimental  data  was  approximately  one  half  that 
predicted  by  the  simple  Child-Langmuir  theory.  Typically,  the  decreased 
resistance  was  explained  by  appealing  to  either  plasma  effects  within 
the  diode  or  spaco-charge  neutralization  resulting  from  the  ionization 
of  residual  background  gas. 

In  the  preceding  section,  these  qualitative  observations  were  clari¬ 
fied  by  demonstrating  that  an  excellent  correlation  between  the  theoret¬ 
ical  and  experimental  perveance  could  be  achieved  by  postulating  the 
constant  expansion  of  a  highly  conductive  plasma  sheath  which  acted  as 
the  effective  cathode  surface.  Since  electron  flow  from  the  cathode 
edge  could  not  be  neglected,  a  perveance  term  was  also  included  to 
describe  the  peripheral  flow.  To  facilitate  rapid  comparison  with  the 
format  of  figure  89,  the  Chi ld-Langmui r,  infinite-planar  perveance  has 
been  included  in  all  perveance  plots, 
a.  Space-Charge  Neutralization 

The  contention  that  the  cathode  plasma  expansion  was  the  dominant 
mechanism  for  lowering  the  diode  resistance  would  be  further  clarified  if 
the  possibility  of  significant  space-charge  neutralization  could  be 
eliminated.  To  determine  the  lower  limit  for  effective  ionization  of  the 
background  gas,  the  variation  in  the  response  of  the  diode  formed  by 
positioning  the  6.35-cm  diameter  graphite  cathode  3  mm  from  the  graphite 
anode  was  evaluated,  as  the  background  pressure  was  Increased  from  10‘5 
to  10’1  t.orr.  For  the  Initial  example,  consider  the  response  when  the 
diode  region  was  evacuated  to  approximately  10" 5  torr.  The  corrected 
voltage  and  current  waveforms  obtained  by  discharging  the  pulsed-power 
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system  charged  to  26.0  kV  into  this  diode  are  shown  in  figure  90.  The 
experimental  perveance  derived  from  these  waveforms  (figure  91)  was  in 
excellent  agreement  with  the  assumption  of  an  expanding  cathode  surface 
for  the  first  50  nanoseconds  of  the  pulse,  if  the  plasma  expansion 
velocity  were  assumed  to  be  2.3  cm/usec.  The  onset  of  anode  plasma 
expansion,  which  occurred  at  approximately  66  nanoseconds  on  the  common 
time  base,  corresponded  to  an  estimated  anode  front-surface  dose  of 
about  96  cal/gm.  As  unfolded  from  the  experimental  perveance  data,  the 
anode  plasma  expansion  velocity  was  estimated  to  be  1.1  cm/usec. 

From  the  base  pressure  of  10“ 5  torr,  the  background  pressure 
was  increased  in  decade  increments  until  an  immediate  transition  to  a 
short  circuit  was  observed.  In  the  range  10-5  to  10"3  torr,  no  varia¬ 
tion  in  the  diode  perveance  was  observed.  When  the  pressure  was  in¬ 
creased  to  1.5  x  10"2  torr,  a  small  degree  of  space-charge  neutraliza¬ 
tion  was  observed  after  approximately  20  nanoseconds  of  current  flow. 

At  1.8  x  10' 1  torr,  the  transition  to  an  arc  was  immediate.  In  the 
examples  of  diode  response  analyzed  in  the  preceding  section,  the 
residual  pressure  within  the  diode  region  was  held  below  10”4  torr. 

The  data  shown  in  figure  91  would,  therefore,  ensure  that  space-charge 
neutralization  resulting  from  the  ionization  of  background  gas  could 
not  have  had  a  significant  effect  on  the  electron  flow, 
b.  Plasma  Cathode  Formative  Time 

An  uncritical  application  of  the  infinite-planar  Child-Langmuir 
theory  to  the  total  current  flow  within  a  planar  diode  would  require 
R-^V  as  measured  at  the  instant  of  maximum  current  to  be  invariant  to 
the  amplitude  of  the  applied  voltage  pulse.  Although  the  data  In 
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Figure  91.  Variation  in  the  Diode  Perveance  with  Increasing  Background  Pressure 


fiqure  89  supported  this  corollary  of  space-charqe-limited  flow  at 
small  electrode  separations,  an  increasing  dependence  on  the  voltage 
amplitude  was  observed  at  the  larger  spacings.  The  explanation  for 
this  apparent  deviation  from  the  consequences  of  space-charge-limited 
flow  has  its  origin  in  the  derivation  of  the  perveance  relation  and  the 
plasma  nature  of  the  effective  electrode  surfaces. 

In  the  basic  space-charge  equations  the  current  density  is  the 
dependent  variable.  To  apply  these  expressions  to  the  total  electron 
flow  from  a  broad-area  cathode,  a  uniform  emission  density  is  normally 
assumed  for  the  entire  cathode  surface.  Since  the  effective  emission 
surface  is  not  the  cold  surface  of  the  cathode,  but  rather  the  plasma 
sheath  formed  by  the  expanding  cathode  flares,  the  plasma  sheath  must 
rapidly  cover  the  entire  cathode  for  this  assumption  to  be  valid. 

After  the  plasma  sheath  formation  is  completed,  the  perveance 
is  dependent  only  on  the  diode  geometry.  If  at  some  time  during  the 
pulse  an  anode  plasma  were  to  result  from  either  the  vaporization  of 
anode  material  or  ionization  of  adsorbed  molecules,  the  effective 
electrode  surfaces  would  both  be  plasma  in  nature.  The  observed  time 
dependence  in  the  diode  perveance  must,  therefore,  be  related  to  the 
formation  and  motion  of  these  electrode  plasmas. 

To  demonstrate  the  Invariance  of  the  diode  perveance  to  the 
voltage  amplitude  in  a  manner  which  incorporates  the  plasma  formative 
times,  consider  the  effects  of  a  reduced  voltage  waveform  incident  on 
the  diode  configuration  used  In  the  preceding  paragraphs  to  illustrate 
the  pressure  dependence  of  space-charge  neutralization.  The  reduction 
in  the  amplitude  of  the  voltage  pulse  was  accomplished  by  limiting  the 
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system  charging  voltage  to  first  14.0  kV  and  then  20.0  kV.  The  cor¬ 
rected  voltage  and  current  waveforms  which  resulted  are  shown  in  figures 
92  and  94,  respectively.  The  derived  perveance  plots  are  presented  in 
figures  93  and  95.  The  waveforms  which  resulted  when  the  charging  volt¬ 
age  was  increased  to  26.0  kV  were  shown  in  figure  90.  To  assist  a  more 
detailed  comparison,  the  resultant  perveances  corresponding  to  the  three 
incident  voltage  waveforms  are  superimposed  in  figure  96.  For  this 
comparison,  the  time  base  was  adjusted  so  that  the  onset  of  first 
measurable  current  in  each  case  would  be  coincident. 

Although  the  perveances  were  quite  similar,  subtle  differences 
could  be  noted.  From  the  arguments  presented  above,  these  differences 
must  be  interpreted  as  the  consequence  of  causal  relationships  between 
the  applied  voltage  waveform  and  the  formation  and  subsequent  energetics 
of  the  electrode  plasmas.  To  illustrate  these  relationships,  the  time 
evolution  of  the  diode  perveance  must  be  considered  In  detail. 

The  onset  of  first  measurable  current  has  been  attributed  to  the 
explosion  of  the  most  intensely  emitting  whiskers.  By  maintaining  the 
same  diode  configuration  throughout  the  three  experiments,  all  macro- 
scople  field  enhancements  were  held  constant.  Furthermore,  the  extremely 
large  number  of  whiskers  present  on  the  cathode  surface  would  ensure 
that  the  enhancement  at  the  tips  of  the  dominant  whiskers  would  not  vary 
significantly  from  set  to  set.  If  the  relationship  between  the  applied 
voltage  and  the  microscopic  field  remained  constant,  the  applied  voltage 
at  the  Instant  of  first  measurable  current  would  have  been  Identical  In 
each  case.  In  actuality,  the  appropriate  breakdown  voltage  averaged 
3.1  x  104  volts  with  a  variance  of  ±  0.2  x  104  volts. 
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Figure  94.  Corrected  Voltage  and  Current  Waveforms; 
System  Charging  Voltage:  20.0  kV 
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Figure  95,  Perveance  Comparison;  Graphite  Cathode: 
6.35-cm  Diameter;  Diode  Separation:  3  mm 


In  the  Soviet  studies,  the  delay  between  the  application  of  a 
pulsed,  fast-rise-time  electric  field  In  excess  of  the  critical  break¬ 
down  value,  and  the  formation  of  the  Initial  cathode  flare  was  found  to 
be  an  extremely  sensitive  function  of  the  microscopic  field.  The  time 
interval  between  the  Initial  flare  formation  and  flare  plasma  merger 
to  form  a  uniform  emission  surface  covering  the  entire  cathode  should 
exhibit  a  similar  dependence.  For  convenience,  this  interval  was  de¬ 
fined  as  the  plasma  sheath  formative  time.  To  measure  this  interval, 
the  plasma  sheath  was  assumed  to  be  complete  when  the  experimental  per- 
veance  first  reached  a  value  corresponding  to  uniform  emission  from  the 
entire  cathode  face  and  edge.  From  figure  96,  the  plasma  sheath  forma¬ 
tive  time  for  the  diode  under  consideration  was  found  to  vary  from 
approximately  8  to  19  nanoseconds. 

Since  the  voltage  rise  time  was  on  the  same  order  as  the  sheath 
formative  time,  a  correlation  between  the  formative  time  and  a  unique 
value  for  the  applied  field  could  not  be  derived.  The  desired  rela¬ 
tionship  could  be  estimated,  however,  by  using  the  peak  voltage  at  the 
leading  edge  of  the  pulse  to  calculate  an  average  field  at  the  cathode 
surface.  With  this  approach,  a  representative  set  of  data  was  compiled 
for  graphite  cathodes  ranging  from  2.54  cm  to  6.35  cm  in  diameter.  The 
results  of  this  compilation  are  shown  in  figure  97.  The  primary  con¬ 
clusion  to  be  drawn  from  this  presentation  is  that  fast  cathode  "turn¬ 
on"  times  are  achieved  for  graphite  if  the  average  applied  field  Is  in 
excess  of  4  x  10s  volts/cm. 

The  gradual  divergence  in  Ryfi  observed  in  figure  89  as  the 
diode  separation  increased  can  now  be  interpreted  as  the  result  of 
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Increasingly  limited  sheath  formation  as  the  applied  field  was  decreased. 
This  hypothesis  was  substantiated  by  a  more  detailed  analysis  of  the 
corrected  voltage  and  current  waveforms  (see  figure  98)  which  represented 
the  most  divergent  data  point  In  the  R^V  plot  shown  In  figure  89.  To 
obtain  these  waveforms,  the  pulsed-power  system,  charged  to  14.0  kV,  was 
discharged  into  a  diode  In  which  the  electrode  separation  had  been 
increased  to  9.2  mm.  As  seen  from  the  perveance  plot  included  In  figure 
98,  the  cathode  edge  was  the  dominant  source  of  electron  emission 
throughout  a  large  fraction  of  the  pulse. 

In  figure  96,  there  Is  an  Interval  of  time  after  the  plasma 
sheath  has  formed  In  which  the  electron  flow  In  the  three  experiments 
can  be  described  as  space-charge-limited  emission  from  a  constantly 
expanding  plasma  cathode.  To  obtain  a  best  fit  with  the  experimental 
data  throughout  this  interval,  the  plasma  velocity  was  used  as  an 
Independent  variable.  Within  this  set  of  experiments,  the  "best  fit" 
velocities  were  found  to  vary  from  2.1  x  10®  cm/sec  to  2.3  x  10s  cm/sec. 

A  compilation  of  data  from  many  diode  configurations  using  graphite 
cathodes  indicated  a  range  In  velocities  from  1.8  cm/ysec  to  2.8 
cm/psecv 

c.  Dependence  of  the  Flare  Expansion  Velocity  on  (F/t) 

The  justification  for  fitting  the  predicted  perveance  to  the 
experimental  data  by  adjusting  the  plasma  expansion  velocity  would  be 
further  strengthened  if  a  functional  relationship  between  the  derived 
velocities  and  some  property  of  the  applied  voltage  waveform  could  be 
established.  Such  a  relationship  was  reported  in  the  Soviet  studies. 

Using  etched,  single-crystal,  tungsten  emitters,  Mesyats  et  al.  were 
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Figure  98.  Corrected  Voltage  Current  and  Perveance; 
Graphite  Cathode:  6.35-cm  Diameter;  Diode  Separation: 
9.2  mm;  System  Charging  Voltage:  14.0  kV 


able  to  demonstrate  a  slight  dependence  of  the  flare  expansion  velocity 
on  the  rate  of  Increase  In  the  applied  microscopic  field  (see  figure 
19).  To  establish  a  unique  relationship,  their  experimental  parameters 
were  adjuster  :o  that  the  emitter  would  explode  during  the  1-nanosecond 
rise  In  the  pulsed  field. 

A  similar  analysis  of  the  expanding  plasma  sheath  covering  a 
broad-area  cathode  would  be  weakened  by  several  significant  uncertain¬ 
ties.  First,  If  the  whisker  explodes  during  the  leading  edge  of  the 
voltage  pulse,  the  specific  energy  evolved  at  the  tip  before  It  explodes 
Is  determined  by  the  rate  of  Increase  In  the  microscopic  field.  In  the 
experiment  using  single-point  emitters,  the  relationship  between  the 
applied  voltage  pulse  and  the  microscopic  field  at  the  tip  of  the  emit¬ 
ting  point  was  known.  With  a  broad-area  cathode,  the  Initial  field 
emission  will  occur  at  the  tips  of  a  very  large  number  of  whiskers 
having  varying  degrees  of  field  enhancement.  To  estimate  the  total 
effective  enhancement  and,  hence,  the  microscopic  field  operative  on 
each  of  a  large  number  of  emission  sites,  one  must  assume  that  the 
sites  which  Initiate  breakdown  are  those  with  the  largest  enhancement, 
and  that  within  this  subset  the  variation  In  specific  enhancement  Is 
small.  These  assumptions  were  not  unreasonable  In  view  of  the  small 
degree  of  scatter  In  the  Alpert  total  enhancement  data  used  In  the  pre¬ 
ceding  section  to  relate  the  amplitude  of  the  applied  voltage  pulse  to 
the  effective  microscopic  field. 

Gy  using  a  single-point  emitter,  the  expansion  of  a  single 
cathode  flare,  created  under  known  conditions,  was  observed  In  the 
Soviet  studies.  For  a  broad-area  cavhode,  the  plasma  sheath  represents 
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the  average  expansion  of  an  extremely  large  number  of  cathode  flares. 
The  average  expansion  velocity  derived  from  the  perveance  analysis  can, 
therefore,  be  related  only  to  an  effective  rate  of  Increase  In  the 
microscopic  field  acting  on  many  single-point  emitters. 

In  spite  of  these  uncertainties,  there  was  some  evidence  that 
a  definitive  relationship  could  be  established  between  the  applied 
macroscopic  field  and  the  expansion  velocity  of  the  plasma  sheath. 
Throughout  the  diode  study,  the  reproducibility  of  the  derived  plasma 
sheath  expansion  velocity  was  typically  +  0.1  cm/usec  for  a  specified 
set  of  diode  parameters  (cathode  diameter,  electrode  separation,  and 
system  charging  voltage).  Furthermore,  Mesyats  observed  a  unique 
dependence  of  the  time  delay  before  Initial  flare  formation  on  the 
magnitude  of  the  applied  macroscopic  field.  This  dependence  was 
effectively  used  In  the  preceding  section  to  predict  the  onset  time  of 
first  measurable  current. 

The  effects  of  the  applied  voltage  pulse-shape  on  the  subsequent 
energetics  of  the  expanding  plasma  sheath  were  evaluated  by  comparing 
the  derived  expansion  velocity  with  the  maximum  rate  of  Increase  In  the 
microscopic  field  during  the  leading  edge  of  the  corrected  voltage  wave¬ 
form.  The  conversion  from  macroscopic  to  microscopic  field  was  accom¬ 
plished  by  using  the  Alpert  enhancement  curve.  The  data  included  in 
this  compilation  were  limited  to  those  diode  configurations  In  which 
the  plasma  sheath  formation  was  completed  during  the  rise  time  of  the 
corrected  voltage.  The  results  of  this  compilation  are  shown  In  figure 
99.  For  comparison,  the  broad-area  graphite  cathode  data  has  been 
plotted  with  the  single-crystal  tungsten  data  reported  by  Mesyats.  The 
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ralatlva  position  of  tht  two  data  i@ti  was  as  expected  since  the  graphite 
emitter!  would  explode  much  more  quickly  for  a  qlveu  applied  field.  Ore 
should  not  Attempt  to  describe  the  two  data  sets  by  a  single  continuous 
curve.  In  both  cases,  however,  the  plasm*  extension  velocity  exhibited 
a  slight  Incresie  with  higher  retes  of  rise  In  the  microscopic  field, 
d,  Crltlul  Oose  for  Anode  Plasma  Formation 

One  final  topic  remains  to  be  considered  reletlve  to  the  per* 
veance  comparison  In  figure  96.  Regardless  of  the  amplitude  of  the 
applied  voltage  pulse,  the  experimental  pervernce  late  In  the  pulse  was 
observed  to  diverge  from  that  predicted  by  assum  m,  only  cathode  plasma 
motion.  In  previous  discussion,  this  divergence  has  been  attributed  to 
the  Initial  expansion  of  an  anode  plasma.  From  figures  93,  95,  and  91, 
the  Initial  divergence  resulting  from  anode  motion  was  observed  to  occur 
at  varying  intervals  following  the  onset  of  measurable  current.  For  the 
assumption  of  anode  plasma  formation  to  be  valid,  the  total  dose  depos¬ 
ited  at  the  front  surface  of  the  graphite  anode  prior  to  the  formation 
of  the  anode  plasma  should  have  been  Independent  of  the  accelerating 
voltage  and  the  total  beam  current.  Using  the  procedure  described  by 
Spencer,  the  time  dependent  front  surface  dose  was  calculated  for  each 
case.  In  order  of  Increasing  accelerating  voltage,  the  values  of  crit¬ 
ical  dose  at  the  Instant  of  the  Initial  divergence  in  the  experimental 
from  the  theoretical  perveance  were  found  to  be  82,  76,  and  96  cal/gm, 
respectively.  From  the  experimental  perveance  data,  the  anode  expan¬ 
sion  velocities  were  estimated  to  range  from  approximately  1.1  cm/usec 
to  2.2  cm/usec. 
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2.  ANALYSIS  OF  ELECTRON  FLOW 


The  Interrelationship  between  the  space-charge-limited  and  self- 
plnch-llmited  modes  of  electron  flow  within  the  diode  are  shown  in 
figure  100.  Since  the  expressions  for  parapotentlal  flow  (equation 
(129)),  and  the  self-pinching  criteria  (equation  (13))  are  both  linearly 
dependent  on  the  diode  aspect  ratilo,  the  presentation  of  the  diode 
voltage-current  characteristics  was  simplified  by  expressing  the  total 
electron  current  as  the  ratio  of  current  to  aspect  ratio.  To  further 
simplify  the  comparison,  the  Infinite-planar,  Chlld-Langmuir  equation 
was  assumed  to  represent  space-charge-limited  flow.  Negligible  error 
will  be  introduced  by  this  assumption  if  the  diode  aspect  ratio  is  much 
greater  than  one.  The  Chlld-Langmuir  equation  has  a  quadratic  depend¬ 
ence  on  the  aspect  ratio  and  therefore  appears  as  a  family  of  straight 
lines  If  a  semi  logarithmic  format  Is  used. 

A  diagram  of  this  type  could  readily  be  used  to  predict  the  resist¬ 
ance  and  mode  of  electron  flow  within  a  high-aspect-ration  diode  if  the 
time  dependence  of  the  diode  geometry  were  included.  As  emphasized 
throughout  the  preceding  discussions,  the  existence  of  an  expanding 
plasma  sheath  covering  the  cathode  surface  is  a  prerequisite  to  the 
emission  of  the  intense  electron  currents  associated  with  the  operation 
of  cold-cathode,  relativistic  electron  accelerators.  Even  if  the  forma¬ 
tion  and  subsequent  expansion  of  an  anode  plasma  could  be  suppressed, 
an  increase  in  the  diode  aspect  ration  would  result  from  the  constant 
expansion  of  the  cathode  plasma.  An  analysis  of  the  electron  flow  must 
therefore  include  the  effects  of  diode  closure  if  possible  errors  in 
interpretation  are  to  be  avoided. 
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Figure  100.  Relationship  between  Space-Charge-Limited  and 
Self-Pinching-Limited  Modes  of  Electron  Flow 


While  the  total  current  remains  below  the  critical  self-pinching 
value,  the  electron  flow  within  the  diode  can  be  accurately  predicted 
by  the  appropriate  space-charge  expressions  if  the  time  dependent  diode 
geometry  is  properly  defined.  If  the  applied  voltage  is  increased 
until  the  space-charge-limited  current  exceeds  the  self-pinching  crite¬ 
rion,  the  electron  flow  will  become  dominated  by  the  self-magnetic 
field.  It  should  be  noted,  however,  that  the  increase  in  current  with 
voltage  need  not  be  restricted  to  a  fixed  value  of  r0/d.  If  the  time 
required  for  this  transition  is  on  the  order  of  d0/v,  the  trace  corre¬ 
sponding  to  the  diode  response  will  shift  to  higher  values  of  r0/d  as 
time  progresses. 

To  date  the  only  analytical  model  for  electron  flow  in  excess  of 
the  self-pinching  criterion  has  been  based  on  the  concept  of  parapoten- 
tial  flow.  By  idealizing  the  distorted  equi potentials  within  the  diode 
into  concentric  conical  surfaces  with  apexes  collocated  at  the  inter¬ 
section  of  the  diode  axis  and  the  anode  plane,  Creedon  (Ref.  59)  was 
able  to  derive  the  following  expression 


=  8  500  y 


l)1/{ 


(129) 


where  I  „  is  the  maximum  value  of  the  diode  current,  y _  =  1  +  eV  / 

max  max  max' 

mQc2,  and  Vmax  is  the  accelerating  voltage  which  corresponds  to  I  . 

According  to  Ecker  et  al .  (Ref.  62),  this  expression  was  in  agreement 

with  a  series  of  diode  measurements  spanning  the  range  7.26  <.  r0/d  <. 

20.8,  and  370  kV  <.  Vmav  <.  970  kV  (see  figure  26).  In  each  case  the 

diode  response  was  characterized  by  the  voltage  and  current  at  the 

instant  of  I„  . 

max 
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Since  the  authors  make  no  mention  of  any  corrections  for  diode 
closure,  one  must  assume  that  the  aspect  ratios  used  in  their  analysis 
were  based  on  the  Initial  diode  dimensions.  To  evaluate  the  conse¬ 
quences  of  this  simplification,  their  data  were  replotted  in  figure  100 
after  Including  conservative  estimates  for  the  cathode  plasma  motion. 

In  estimating  the  effects  of  diode  closure,  the  time  delay  between  the 
onset  of  first  measurable  current  and  the  current  maximum  was  taken  to 
be  90  nanoseconds.  To  compensate  for  the  '.low  rise  time  of  the  SNARK 
accelerator,  the  cathode  flare  expansion  velocity  was  assumed  to  be 
1  cm/ysec.  Since  the  Initial  diode  separations  ranged  from  approxi¬ 
mately  2.5  mm  to  4.5  mm,  the  effect  of  the  diode  closure  was  to  lower 
the  data  points  from  their  previous  agreement  with  the  parapotentlal 
equation  to  a  distribution  approaching  the  self-pinching  criterion.  If 
the  expansion  of  an  anode  plasma  were  also  Included,  the  correlation 
with  the  self-pinching  criterion  could  be  improved  still  further. 

For  comparison,  the  data  points  representing  pinched  electron  flow 
within  the  diodes  ot  two  additional  accelerators  are  also  included  In 
figure  ICO.  The  three  data  points  clustered  at  500  kV  were  reported  by 
Clark  and  Linke  (Ref.  17)  using  the  Cornell  accelerator.  The  diode 
configuration  employed  at  Cornell  had  a  9.2-cm  diameter  brass-epoxy 
cathode  located  a  distance  of  8.75  mm  from  a  planar  anode.  Since  the 
time  delay  between  the  formation  of  the  cathode  plasma  and  the  current 
maximum  was  only  50  nanoseconds,  the  effects  of  diode  closure  were 
minimal.  The  final  data  point  corresponds  to  the  operational  diode 
configuration  described  in  the  preceding  section  to  illustrate  the 
effects  of  self-pinching  on  the  diode  perveance. 
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The  arguments  presented  In  the  preceding  paragraphs  should  not  be 
Interpreted  at  a  contradiction  of  the  parapotantlal  flow  model,  but 
rather  as  an  attempt  to  emphasize  the  need  to  carefully  consider  the 
time  dependent  diode  geometry.  If  In  the  analysis  of  cold-cathode 
diodes  the  effects  of  electrode  plasma  expansion  are  Ignored,  serious 
errors  in  Interpretation  can  result, 
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SECTION  IX 


SUMMARY  AND  CONCLUSIONS 


1,  INTRODUCTION 

That  class  of  high-current  cold-cathode  diode  distinguished  by  non- 
self-convervent  electron  flow  has  been  studied  to  (1)  define  the  operative 
electron  emission  mechanisms,  (2)  to  determine  the  dominant  plasma  effects 
within  the  interelectrode  volume,  (3;  to  classify  the  modes  of  electron 
flow,  and  (4)  to  verify  the  Frledlander  beam  convergence  criterion.  A 
basis  for  unfolding  these  elements  of  observed  diode  behavior  was  devel¬ 
oped  from  a  detailed  analysis  of  the  time-dependent  voltage-current 
characteristics  of  the  diode.  Since  the  electron  flow  throughout  the 
predominant  portion  of  the  accelerating  pulse  was  space-charge  limited, 
separation  of  the  Interrelated  diode  phenomena  was  facilitated  by 
representing  the  voltage-current  data  In  terms  of  the  diode  perveance. 

To  conflm;  certain  of  the  assumptions  fundamental  to  the  interpretation 
of  the  perveance  data,  streak  photography  of  plasma  luminosity  motion 
within  the  diode  was  combined  with  measurements  of  the  time-integrated 
as  well  as  time-dependent  current  density  distribution  at  the  anode 
plane.  When  correlated  with  the  theory  of  high-voltage  breakdown 
previously  formulated  by  Dyke,  Charbonnier,  Mesyats,  and  others,  the 
results  of  this  diode  study  provide  o  comprehensive,  self-consistent 
description  of  the  dominant  processes  acting  within  a  high-current 
cold-cathode  diode. 
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2.  SUMMARY 


Within  this  model,  six  distinct  phases  of  diode  response  can  be 
identified.  If  a  high-current,  relativistic  electron  accelerator  is  to 
generate  the  high-power  electron  beam  for  which  it  was  designed,  the 
diode  must  evolve  through  at  least  the  first  four  of  the  six  phases. 
These  phases,  in  sequential  order,  are  as  follows: 

a.  Stable  field  emission  from  microscopic,  whisker-like  cathode 
projections 

b.  Transition  to  cathode-initiated  vacuum  breakdown 

c.  Whisker  explosion  and  the  formation  of  a  cathode  plasma  sheath 

d.  Space-charge  limited  emission  from  the  expanding  plasma  sheath 

e.  Transition  to  self-convergent  flow 

f.  Development  of  a  highly  convergent  electron  flow 

Before  proceeding,  it  should  be  noted  that  the  microscopic  processes 
which  determine  the  diode  evolution  through  the  first  two  phases  and  the 
initial  steps  within  the  third  could  not  be  observed  directly  because  of 
the  operational  constraints  of  the  present  experiment.  Nevertheless, 
sufficient  information  was  available  from  previous  vacuum  breakdown 
studies  to  define  the  operative  mechanisms.  There  were,  however,  several 
instances  where  the  observed  features  of  the  initial  diode  response 
could  be  compared  with  the  ramifications  of  these  postulated  microscopic 
processes.  In  every  case,  the  agreement  was  complete. 

From  a  macroscopic  vantage  point,  the  initial  diode  response  was 
distinguished  by  a  several  nanosecond  delay  between  the  initial  rise  in 
.he  applied  field  and  the  emission  cf  a  significant  electron  current. 
Within  the  next  several  nanoseconds,  the  diode  resistance  rapidly  dropped 
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to  a  finite  value  on  the  order  of  that  predicted  by  the  infinite-planar 
Child-Langmuir  theory.  The  existence  of  this  transition,  its  timing 
relative  to  the  applied  voltage  waveform,  and  the  resistance  to  which 
the  diode  evolved  were  consistent  with  the  consequences  of  cathode- 
initiated  vacuum  breakdown. 

a.  Stable  Field  Emission 

The  cathode  processes  which  determine  the  initial  phase  of  the 
diode  response  can  be  described  as  follows.  As  the  applied  voltage 
begins  to  rise,  the  initial  electron  flow  is  field  emitted  from  the  tips 
of  microscopic,  whisker-like  projections  which  appear  on  the  cathode 
surface.  The  presence  of  these  whiskers  has  the  effect  of  not  only 
enhancing  the  applied  field  by  factors  perhaps  as  large  as  several 
hundred  but  also  constraining  the  resultant  emission  to  the  whisker 
tips  where  the  surface  field  is  most  enhanced  (Ref.  30).  While  the 
first  consequence  removes  the  apparent  contradiction  of  drawing  signi¬ 
ficant  field  emission  with  mean  applied  fields  of  only  10s  to  106 
volts/cm,  the  second  limits  the  electron  flow  during  the  stable  field 
emission  phase  to  total  currents  that  are  insignificant  compared  to  the 
magnitude  of  current  observed  during  the  reaminder  of  the  pulse.  With 
the  electron  emission  limited  to  the  microscopic  area  of  the  whisker 
tips,  the  diode  resistance  is  effectively  "infinite"  for  the  first 
several  nanoseconds  of  the  voltage  pulse. 

b.  Transition  to  Breakdown 

For  the  cathode  emission  to  evolve  beyond  the  stable  field 
emission  phase,  the  microscopic  electric  field  at  the  whisker  tips 
must  exceed  some  critical  value.  Previous  studies  of  cathode-initiated 
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vacuum  breakdown  using  either  steady  or  pulsed  voltages  with  durations 
longer  than  a  microsecond  have  shown  that  the  transition  from  stable 
field  emission  can  be  attributed  to  the  onset  of  a  regenerative  thermal 
instability  within  the  whisker  (Ref.  31).  For  the  instability  to  be 
initiatea,  the  whisker  tips  must  be  heated  to  a  critical  temperature 
which  corresponds  to  a  vapor  pressure  of  the  protrusion  material  on  the 
order  of  1 0“4  torr  (Ref.  21). 

The  conditions  which  trigger  the  instability  have  their  origin 
in  the  combined  effects  of  the  electron  space  charge  and  the  elevated 
tip  temperatures  produced  by  intense  emission.  The  calculated  current 
densities  required  to  raise  the  steady-state  temperature  of  a  typical 
whisker  to  the  critical  value  is  on  the  order  of  It)’7  amperes/cm2. 

Emitted  current  densities  of  this  magnitude  are  more  than  sufficient 
for  the  space  charge  to  suppress  the  surface  field  acting  at  the  tips 
of  the  microscopic  emitters  (Ref.  31).  With  the  applied  field  reduced 
by  the  negative  space  charge,  the  emitted  current  density  is  substan¬ 
tially  less  than  that  which  would  result  if  the  space  charge  were  to  be 
removed . 

As  the  tip  temperature  increases,  cathode  material  is  evaporated 
into  the  region  immediately  beyond  the  whisker  tip.  Evaporation  into 
this  region  maximizes  not  only  the  probability  of  the  cathode  vapor  being 
ionized  by  electron  collision  but  also  the  effect  of  the  resultant  ions 
in  neutralizing  the  electron  space  charge.  With  the  space-charge  limita¬ 
tion  thereby  reduced,  extremely  rapid  increases  in  the  emitted  current 
density  and  the  subsequent  resistive  heating  follow  immediately.  The 
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regenerative  nature  of  this  cycle  will,  therefore,  result  in  the  rapid 
destruction  of  the  emission  site  once  the  critical  tip  temperature  has 
been  attained. 

This  sequence  implies  that,  for  a  given  set  of  cathode  conditions, 
steady-state  vacuum  breakdown  should  occur  at  a  well-defined  current 
density.  When  using  a  broad-area  cathode,  however,  the  effects  of  such 
parameters  as  surface  impurities  and  whisker  geometry  can  not  be  predicted. 
The  critical  current  density  for  any  individual  whisker  may  consequently 
vary  over  a  wide  range,  typically  from  10s  to  106  amperes/cm2.  For¬ 
tunately,  the  emitted  current  density  is  a  strong  function  of  the  applied 
field  and  the  corresponding  breakdown  fields  are,  therefore,  constrained 
to  the  rather  narrow  range  extending  from  approximately  5  to  8  x  107 
volts/cm  (Refs.  27,  29). 

Following  the  application  of  a  pulsed  field  in  excess  of  the 
critical  value,  a  delay  on  the  order  of  1  to  100  nanoseconds  is  required 
before  the  thermal  processes  associated  with  intense  field  emission  from 
microscopic  cathode  protrusions  can  raise  the  tip  temperature  to  the 
critical  value.  The  functional  dependence  of  this  delay  on  the  physical 
properties  of  the  cathode  material  and  the  magnitude  of  the  applied  field 
can  be  estimated  by  integrating  the  adiabatic  heat  flow  equation  and 
combining  the  resultant  expression  with  the  Child-Langmuir  relation  for 
space-charge  limited  flow  (Ref.  62).  With  this  derivation,  the  break¬ 
down  time  delay,  t^,  is  given  qualitatively  by 
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critical 


(130) 


266 


where  p,  c,  and  u  are,  respectively,  the  density,  specific  heat,  and 
resistivity  of  the  protrusion  material  evaluated  at  the  critical  tempera¬ 
ture;  F  is  the  microscopic  field,  and  T  ...  ,  is  the  tin  temperature 

critical 

which  corresponds  to  a  vapor  pressure  of  lO”1*  torr.  in  spite  of  the 
simplistic  derivation,  the  functional  relationships  predicted  by  this 
expression  have  been  experimentally  verified  by  recent  studies  of  nano¬ 
second  breakdown  (Ref.  53). 
c.  Whisker  Explosion 

The  mode  of  whisker  destruction  and  the  cathode  processes  which 
follow  were  first  revealed  in  a  series  of  Soviet  reports  concerning 
nanosecond  breakdown.  Mesyats  et  al.  observed  that  the  application  of 
fields  in  excess  of  the  critical  value  caused  the  emission  sites  to 
explode  within  nanoseconds  to  form  cathode  flares  (Ref.  48).  Coincident 
with  the  first  flare  formation,  the  total  current  drawn  from  the  cathode 
increased  to  a  measurable  value  which  corresponded  to  a  mean  current 
density  (total  current  divided  by  macroscopic  cathode  area)  of  approxi¬ 
mately  10  ainperes/cm? .  Following  the  explosion,  the  radial  expansion  of 
the  flare  plasma  proceeded  at  a  constant  inertial  velocity  in  the  range 
1  to  3  cm/psec.  Electron  emission  subsequent  to  flare  formation  was 
found  to  be  a  complicated  process  whereby  the  Debye  field  developed 
within  the  plasma  acted  on  the  cold  cathode  surface  to  field  emit  elec¬ 
trons  (Ref.  41).  The  electron  flow  to  the  anode,  however,  was  determined 
by  space-charge  limited  emission  from  the  expanding  vacuum-plasma  surface 
of  the  flare. 

Several  elements  from  the  preceding  description  can  now  be  com¬ 
bined  to  explain  .he  observable  aspects  of  the  initial  diode  response 
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and  to  provide  a  model  for  the  electron  emission  throughout  the  remainder 
of  the  pulse.  These  arguments  would  imply  that  the  onset  of  the  diode 
transition  from  an  effectively  nonconducting  state  to  the  highly  con¬ 
ducting  state  normally  associated  with  its  operation  must  be  coincident 
with  the  initial  flare  formation.  In  support  of  this  assumption,  the 
experimental  time  delay  between  the  initial  rise  in  the  applied  field 
and  the  onset  of  first  measurable  current  was  found  to  be  in  agreement 
with  the  sum  of  the  time  required  for  the  field  to  reach  a  value  corre¬ 
sponding  to  the  critical  field  at  the  tips  of  the  dominant  whiskers  and 
t^,  the  time  required  for  these  whiskers  to  explode. 

Since  the  emission  from  the  surface  of  the  expanding  cathode 
flare  is  space  charge  limited,  the  remainder  of  this  transition  to  a 
conductive  state  is  more  easily  interpreted  in  terms  of  the  diode  per- 
veance.  The  diode  analysis  is  facilitated  by  this  approach  because  the 
perveance  is  independent  of  the  applied  voltage  but  directly  related  to 
the  effective  diode  geometry.  If  the  electron  flow  is  unneutralized, 
the  cathode  emission  area,  the  effective  diode  separation,  and  the  beam 
envelope  are  the  only  parameters  that  can  affect  the  perveance. 

Following  the  onset  of  first  measurable  current,  the  experi¬ 
mental  perveance  rose  rapidly  to  a  value  approximated  by  the  infinite- 
planar  Child-Langmuir  theory.  Having  reached  this  value,  the  diode 
perveance  continued  to  increase  but  at  a  much  slower  rate.  In  the 
paragraphs  above,  it  was  argued  that  the  cathode  surface  cannot  be  an 
efficient  emission  source  until  the  whiskers  have  exploded.  The  initial 
rapid  rise  in  the  diode  perveance  must  therefore  correspond  to  an 
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equally  rapid  increase  in  the  total  emission  area.  Such  an  i  icrease 
would  be  caused  by  -  rapid  succession  of  whisker  explosions  occurring 
across  the  cathode  face  and  the  subsequent,  expansion  of  the  cathode 
flares.  If  the  concentration  of  thermally  unstable  whiskers  is  suffi¬ 
ciently  high,  tiie  flares  formed  by  their  explosion  quickly  merge  to  form 
a  "uniform"  plasma  sheath  covet  inq  the  entire  cathode  surface.  For  the 
sheath  formative  time  to  be  short  and  the  cathode  to  "turn  on"  quickly, 
the  applied  field  must  be  of  sufficient  magnitude  lo  explode  a.  large 
percentage  of  the  available  whiskers, 
d.  Space-Charge  limited  Emission 

Once  the  plasma  sheath  has  formed,  the  diode  response  is  dist.in- 
guisned  by  space-charge  limited  emission  from  a  constantly  expanding 
plasma  cathode.  Trie  permeance  can  now  be  predicted  by  specifying  the 
time-dependent,  emission  surface  and  the  appiopriate  beam  envelope.  For 
the  case  of  the  high-aspect  ratio  diode  formed  by  a  riyht-cylindrical 
cathode  positioned  opposite  a  plar.ar  anode,  the  diode  perveance  during 
the  fourtii  phase  is  given  by 


where  d  -  dQ  -  vt  and 
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end  where  1  end  V  respectively,  the  diode  current  (imperil)  « nd  tht 
iceilentlng  voltigi  (veltt),  rQ  ind  d0  in,  retpeetlvtly,  the  cithode 
rsdlui  ind  tht  Initial  diode  iipertfclon  (centimeters),  v  Is  the  plasma 
sheath  expansion  velocity  (centlmiteri/sicund),  and  t  It  time  (seconds), 
SI  mi  vt  It  the  distance  the  sheath  hit  expanded,  t  It  Initial  lied  it  thi 
omit  of  tint  mtasurible  current,  Thi  first  term  In  thi  expression 
corresponds  to  electron  million  from  thi  planar  cathode  face,  while  the 
tieond  ipproxlmitit  the  emission  from  thi  clrcumferentlel  hilf  tom 
formed  by  the  whiskers  which  exploded  it  the  cithode  periphery, 

If  the  circumstances  ire  tuch  that  the  diode  remilnt  In  thi i 
mode  for  pirhipt  SO  to  SO  nmotccond,  the  average  theith  expansion 
velocity  cin  be  determined  by  adjusting  the  velocity  term  In  the  per- 
veence  equation  until  i  but  fit  between  theory  end  experiment  1« 
obtilned,  Expintlon  velocltlet  derived  In  this  winner  were  found  to  be 
In  qualitative  Agreement  with  thet  determined  by  stre„k  photogriphy  of 
plume  luminosity  motion  within  the  diode. 

Since  the  effect!  of  the  expending  cithode  plume  ire  ilreidy 
Incorporated  Into  the  theoretical  perveance  equation,  any  subsequent 
deviation  of  the  experimental  perveance  from  this  model  must  be  the 
consequence  of  either  further  variation  In  the  dlcde  geometry  or  viola¬ 
tion  of  the  assumed  beam  envelope,  Given  the  Intense  electron  bombard¬ 
ment  at  the  anode,  an  obvious  geometry  change  would  result  after  suffi¬ 
cient  energy  had  been  deposited  to  vaporlxe  the  thin  anode  foil,  The 
expansion  of  the  resultant  anode  plasma  would  then  act  with  the  already 
expanding  cathode  plasma  to  decrease  the  diode  separation. 


270 


liy  Invoking  tho  microscopic  prtKosH-s  loading  to  vacuum  break¬ 
down,  Charbennler  has  shown  that  Fho  whisker  wuii  pmaed  th» 

anode  vaporization  It  the  voltage  pul*,<»  is  Irs*  than  <t  microsecond  in 
duration  (rtjf,  *’l),  In  the  present  experiment,  the  Mm#  delay  between 
plasma  sheath  formation  and  anode  vaporization  was  sufficient  to  allow 
a  determination  of  the  cathode  expansion  velocity.  With  the  eathode 
velocity  known,  the  lot  roaming  deviation  between  the  theoretical  and 
experimental  pe  veaneo  could  be  unfolded  to  yield  an  estimate  of  the 
anode  expansion  velocity,  these  estimates  were  in  qualitative  agreement 
with  those  ri«rt v»tt  from  the  streak  photographs,  Ihe  phologi  'hs  also 
showed  that  the  cathode  plasma  expansion  did  Indeed  proceed  the  anoue 
vapor 1 lat ion. 

e,  Transition  to  Self- Convergent  Flow 

hy  defining  the  electron  flow  in  the  manner  of  equation  (131), 
one  has  Implicitly  assumed  that  the  effects  of  the  self-magnetic  field 
on  the  beam  envelope  can  be  neglected.  For  the  case  of  a  planar  diode 
of  high-aspect  ratio,  this  assumption  remains  valid  over  a  wide  range 
In  curient.  Since  the  diode  current  inu  eases  with  the  3/2  power  of  the 
accelerating  voltage,  the  self-magnetic  forces  must  become  dominant  at 
some  point.  Once  the  self-magnetic  field  becomes  dominant,  the  electron 
flow  would  be  characterized  by  a  severe  convergence  within  the  diode. 

Friedlander  has  postulated  that  the  critical  current  which 
defines  this  limit  must  generate  a  self-magnetic  Field  of  sufficient 
strength  that  the  gyroradius  of  an  electron  emitted  from  the  cathode 
periphery  be  equal  to  the  diode  separation  (Ref.  15).  From  this  crite¬ 
rion  the  critical  current  lcrmca|  (amperes)  can  be  shown  to  be 
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where  ft  and  y  ire  the  relativistic  parameters  of  the  electron  md  rQ  end 
d  ire  it  above,  If  rewritten  In  terms  of  the  dimensionless  parameters 
v/y »  tht  self-convergence  criterion  becomes 

v/v  critical  * 

If  the  diode  current  were  to  exceed  the  critical  value  or,,alter- 
natively,  the  beam  \>/>  were  to  exceed  one  half  the  time-dependent  aspect 
ratio,  the  resultant  constriction  of  the  electron  flow  would  reduce  the 
experimental  diode  perveance,  Since  the  perveance  analysis  provided  not 
only  an  accurate  measure  of  the  time-dependent  diode  geometry  but  also  a 
distinctive  Indication  of  any  transition  In  the  mode  of  electron  flow, 

It  was  possible  to  definitively  verify  the  self-convergence  criterion, 
f,  Highly  Convergent  Electron  Flow 

Considerable  Interest  In  the  details  of  this  electron  flow  mode 
has  been  stimulated  within  the  past  2  years.  Unfortunately,  the  charac¬ 
teristics  of  the  Field  Emission  pulsed-power  system  were  such  that  this 
mode  could  not  be  achieved  experimentally. 

3.  CONCLUSIONS 

A  principal  feature  of  the  events  described  above  is  that  the  exist¬ 
ence  of  an  expanding  plasma  sheath  which  acts  as  the  effective  cathode 
surface  Is  a  prerequisite  to  the  emission  of  the  intense  current  densities 
associated  with  the  operation  of  a  high-current  cold-cathode  diode.  When 
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d«8l*Mng  *  diode  for  *  ipeelflc  tccwltrAtor,  seven!  ramifications  of 
this  basic  concept  must  be  considered, 

*,  If  the  cathode  Is  to  m>a,n  unaffected  by  the  prepulse,  the  im¬ 
pulse  voltaye  must  develop  microscopic  fields  less  than  S  to  fl  x  107 
volts/cm,  Since  the  microscopic  enhancement  of  the  whiskers  Is  on  the 
order  of  200  to  300,  the  average  prepulse  field  must  be  less  than  1  to 
2  x  10*  volts/cm,  If  the  cathode  shape  produces  a  macroscopic  enhance¬ 
ment,  the  prepulse  voltage  must  be  reduced  proportionally, 

b.  In  those  regions  of  the  cathode  where  emission  Is  required,  the 
surface  should  be  roughened  or  irregular  to  provide  a  maximum  local 
enhancement.  The  physical  dimensions  of  these  surface  irregularities 
should  be  small  compared  to  vt,  howjver,  if  the  uniformity  of  the  plasma 
sheath  Is  to  be  maintained.  Moreover,  the  cathode  material  used  In 
these  areas  should  be  chosen  to  minimize  the  breakdown  time.  In  both 
respects,  graphite  Is  an  excellent  material.  Of  the  readily  available 
cathode  materials,  It  has  the  smallest  value  of  (pc/fJ)Tcr1tical  • 

c.  To  achieve  a  rapid  sheath  formation  using  a  graphite  cathode,  an 
applied  field  in  excess  of  400  kv/cm  ij  required.  The  higher  the  applied 
field,  the  denser  the  concentration  of  thermally  unstable  emission  sites 
and  the  more  uniform  the  resultant  plasma  sheath.  With  a  uniform  plasma 
sheath  the  nonparaxial  component  of  the  surface  field  and  hence  the 
resultant  contribution  to  the  initial  transverse  kinetic  energy  of  the 
beam  are  both  minimized. 

d.  Using  a  graphite  cathode,  the  expansion  velocity  was  found  to 
vary  from  1.8  to  2.8  cm/usec.  With  a  faster  rate  of  rise  in  the  applied 
field,  the  flare  expansion  is  more  rapid. 


e,  If  th«  objective  Is  to  design  a  constant  resistance  diode  which 
can  be  matched  to  the  output  Impedance  of  the  puUed-power  system,  the 
Initial  diode  separation  must  he  large  compared  to  vtp,  where  tp  Is  the 
duration  of  the  applied  voltage  pulse. 

f,  In  those  regions  of  the  cathode  whure  electron  emission  Is 
detrlmentil,  a  highly  polished  surface  of  a  material  with  a  high 

(pc/n)Tcr1tlc#1  Is  advantageous. 


» 
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